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ABSTRACT 


This paper is a survey of the low energy plasna electron environment 
within Satirn's ai^netosphere made by the naama Science Experiment (PLS) 
during the Voyager encoisiters with Saturn. Over the full energy range of 
the PLS instrument (10 eV to 6 keV) the electron distribution fimctions are 
clearly non-Haxwellian in character; they are uomposed of a cold (thermal) 
component with Maxwellian shape and a hot (suprathermal) non-Maxwellian 
component . 

A large scale positive radial gradient in electron temperature is 
observed, increasing from less than 1 eV in the inner magnetosphere to as 
high as 800 eV in the outer magnetosphere. This increase in electron 
temperature explains the observed order of magnitude increase in plasma 
sheet thickness with increasing radial distance from Saturn. Scale heights 
of the cold heavy ion plaana can be as small as 0.2 in the inner 
magnetosphere and as much as 3 R^ in the outer magnetosphere. Many of the 
observed density variations can be attributed to changes in density scale 
height without a change in plasma flux tube content. 

Three fundamentally different plasma regimes have been identified fhom 
the measurements: (1) the hot cuter magnetosphere, (2) the extended plasma 

sheet, and (3) the inner plamna torus. The hot outer magnetosphere is a 
region within which the suprathermal electrons are the dominant 
contributors to the electron pressure, and at times to the electron 
density. Near the noon meridian, the electrons display a highly time 
dependent behavior with order of magnitude changes in density and 
temperature, vdiich can occur in less than 96 seconds. Sudden density 
enhancmnents of cold plasma occur, vAtich are thought to be either ”plunes" 
associated with Titan (Eviatar 1982} or plasma **blobs**, Goertz 

(1983) • The extended plasma sheet, with mean inner and outer boundaries of 
7 and 15 Rg respectively, has enhanced levels of cold plasma relative to 
that in the hot outer magnetosphere, although the suprathermals continxae to 
dominate the electron pressure. Plasma with energy less than 6 keV from 
this region is an important contributor to the ring current, and a 
significant current system is probably present between 6 and 8 Rg. The 
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inner plasma torus is a r^ion of reduced electron temperature (as low as 1 

eV)« enhanced equatorial densities (as high as 100/cm^) and reduced scale 

height (as small as 0.2 R ). Localized reductions in electron temperature 

s 

are observed near the L shells of Tethys, Dione» and possibly fRiea. The 
su|»*athermal electrons are observed to be severely depleted within the 
inner plasma torus* relative to that in the extended plasma sheet and hot 
outer magnetosphere. The energy dependence of the depletions indicate an 
interaction with dust or plasma waves at times; interactions with neutral 
gas or plasma ions may also contribute to the depletions. The data also 
indicate an association betv^en the appearance of suprathermal electrons 
and the observed emission of whistler mode waves reported by Gurnett ^ al . 
(1981). 
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1. Introduotlon 


^ellminary analysis of ion and electron plaraa measurements made 
dtaring the Voyager 1 and 2 enooimters with Saturn in November 1980 and 
August 1981* respectively* were presented by ft*idge et si. (1981* 1982). 
Additional papers resulting from the analysis of this data set are the 
publications by Sittler et al. (1981)* Hartle et al. (1982)* Eviatar et al. 
(1982* 1983)* Lazarus et al. (1983) and (joertz (1983)* This paper presents 
new results obtained from further analysis of the electron plasma 
measurements at Saturn. Results from the ion analysis are given in an 
accompanying paper by Lazarus and McNutt (1983)* In many respects the 
results presented in these papers are complementary* and should be 
considered together to form a coordinated picture of Saturn's plasma 
environment. 

Essential trajectory information is presented in section 2* followed by 
a brief description of instrunent operation in section 3« A detailed 
description of the analysis is given in a separate publication by Sittler 
(1983) • Section surveys the electron observations and their implications 
within Saturn's magnetosphere and defines the three principal sub-regimes: 
1) the hot outer magnetosphere* 2) the extended plasma sheet* and 3) the 
inner plasma torus. Sections 5* 6 and 7 give a more detailed discussion of 
the observations within the three sub-regimes defined in section 4. Zn 
section 7 the primary emphasis of the discussion is on the observed 
depletion of suprathermal electrons and low electron temperatures observed 
within the inner plasma torus. In section 8 we discuss the apparent 
relationship within the inner magnetosphere between the presence of 
suprathermal electrons and whistler mode emissions reported by Gurnett ^ 
al. (1981). Section 9 discusses the relationship between the plaana 
observations and Saturn's ring current as modeled by the magnetometer team 
( Connerney et al. * 1981). Lastly* section 10 consists of a sunnary and 
lnter{»'etation of the observations. 
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2. Plonor 11, Voyag<r 1 and 2 Tr«jectorl«a 

Equatorial and meridional views of the trajectories of the Pioneer 11 
and Voyi^er 1 and 2 spacecraft are Jisplayed in Figure 1 in a Saturn 
centered coordinate system. 

As shown in Figire la all three spacecraft approached Saturn near the 
noon meridian. Both Voyager 2 and Pioneer 11 left the magnetosphere of 
Saturn near the dawn meridian; Voyager 1 exited further down the tail at a 
local time <^0330. To show the characteristic dimensions of Saturn’s 
magaatosphere we have superimposed "average” modeled bow shock and 
mi^netopause boundaries upon Figure la, as described in ^idge et al. 
(1982), and indicated the observed bow shock (S) and magnetopause crossings 
(M) for each spacecraft as reported in a*idge et al, (1981, 1982) for 
Voyager 1 and 2 and Wolfe et al. (1980) for Pioneer 11. 

The average position of the sub-solar point is j' 21 Rg (intermediate in 
relative size between Earth ^10 R^ and Jupiter >^50 R^), Just outside the 
orbit of Titan ; this position can vary considerably depending on external 
solar wind conditions; thus Titan is not always inside the magnetosphere of 
Saturn. Voyager 1 left the magnetosphere at a radial distance of 43 Rg 
trm Saturn which is somewhat closer than average conditions would dictate. 
By contrast. Voyager 2 and Pioneer 11 observed magnetopause and bow shock 
crossings well outside their average positions. This wide variability in 
position of the boundary crossings is Indicative of the great variability 
of the external solar wind ram pressure at these large radial distances 
(Lazarus and Gazis, 1983t Burlaga et al., 1983# Burlaga, 1983)* In the 
ease of Voyager 2, as noted in Bridge et al. (1982), the observed inflation 
of the magnetosphere during the outbound portion of the trajectory may have 
been a result of Saturn being within Jupiter’s m^netotail. Recent 
publications by Kurth et al . (1981a), Scarf et al. (1981), Lepping et al. 
(1982, 1983), I^rth et al. (1982) and Desch (1983) using plasma, magnetic 
field and plasma wave data obtained during the cruise phase of the Voyager 
mission between Jupiter and Saturn encounters, present convincing evidence 
that Jupiter’s tail irobably exteiKjs l^yond the orbit of Saturn and that 
Saturn could have been within Jupiter's tail at the time of the Voyager 2 
encounter. 
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Figure 1b shoii^ that the Pioneer 11 spacecraft was confined near the 
equatorial plane throughout its enooimter with Saturn. Voyager 1 
approached Saturn at low latitudes and left the nagnetosphere at large 
northerly latitudes. Voyager 2 was at high latiti^es for nost of its 
encounter except near closest approach i^en crossing the ring plane. 

For reference purposes we have superimposed dipole field lines in 
Figure 1b. There are corrections to Saturn's dipole field, as evolving 
model calculations by Connerney et al. (1981, 1982) suggest the presence of 
quadrupole and oetupole terms in the internal field and a ring current 
between L«8.5 and 15.5; these corrections become important outside Ls8, 
where the ring current produces an inflation of the dipole field lines. 

The lack of tilt in most magnetic field models makes the spin equator 
nearly congruent with the magnetic equator. Ihis has the unfortunate 
consequence that each spacecraft does not make as many crossings of 
Saturn's plasma sheet during an enc;:,unter as was the case during the 
Jupiter encotnters. This symmetry, however, produces a simplification in 
our inter {wetat ion of the plasma data, as it makes the centrifugal and 
mi^netic equatorial planes nearly coincident. (Aider this condition, the 
plasma, regardless of its thermal characteristics, will have mirror 
symmetry about the equatorial plane. As noted in Smith et al. (1980), the 
corotational electric field can dominate the convective electric field due 
to the solar wind out to radial distances in excess of 21 Rg, the average 
radial position of the noon time magnetopause boundary. In first 
approximation, one expects Saturn's magnetosphere to be azimuthally 
symmetric inside Ls15; the magnetic field data reported by Smith et al. 
(1980) and Ness et al. (1961, 1982) support this expectation. Finally, 
using the above approximations of dipole field, mirror symmetry, azimuthal 
symmetry, and making the additional assumption of "steady-state" one can 
Increase the coverage of the spatial distribution of the pla»na in L, Z 
space by combining the plasma data from all three encounters. In this way, 
Eridge et al. (1982) were able to construct a fairly extensive description 
of the plasma morphology. 



8/16/83 


7 


3. Instnwnf tlon 


Th« Pltsma Scienoa Instrunent on Voyagar makaa both positiva ion and 
alactron maasuramanta covaring tha anargy par oharga ranga from 10 a V to 
5950 aV. A datailad daacrlptlon of tha Inatrumant la glvan in Bridga at 
al. (1977)* ft*laflyi tha inatrumant ia oompoaad of four potantial 
nodulatad Faraday oupa danotad by tha lattara A, B, C and D* Tha thraa 
main aanaora A, B and C naka only poaitiva ion naaauramanta and, axeapt for 
rare briaf apacacraft manauvara, ara always pointad naarly along tha 
apaoaoraft-Stm lina. Tha aida sanaor or D cup makaa both poaitiva ion and 
alactron maaauramanta and is normally oriantad naarly at right anglaa to 
tha solar direction. The ai^ular response of the side sensor is 
cylindrically symmetric about its look direction, and provides a field of 
view with conical half angle «r3o*(FWHM) about its normal. Tha D sensor 
makes differential contiguous measurements of tha alactron distribution 
function along tha sensor normal. It was aligned to respond to tha 
azimuthal flow for both Voj^ger 1 and 2 during their inboimd approaches to 
Saturn. Outbound, only Voyager 1 was oriantad so as to provide soma 
sensitivity to tha azimuthal ion flow. Because tha alactron thermal speeds 
are much larger than flow speeds of the plaana, alactron maasuramanta ara 
not very sensitive to sensor orientation, unless there ara large pressure 
anisotropies. Since tha instrument ar^ular field of view is fairly broad, 
uncertainties dt« to pressure anisotropies are not expected to have an 
Important affect upon our analysis. 

Tha side sensor completes a measurement cycle in 96 seconds during 
(d)ich it passes through the mode sequence H, El, L and E2. M and L are the 
high and low resolution positive ion modes, respectively, vAiile El and E2 
(see Figure ^ in Sittler, 1983) a*'e the low and high energy electron modes, 
respectively. The energy range for El is 10 eV to 140 eV while for E2 it 
is 140 eV to 5950 eV. Each electron mode is ccmposed of 16 continguously 
spaced energy channels; for the E2 mode only the upper 12 channels are 
used. The channels for El are nearly equally spaced in energy (.099 < ae/E 
< *37), kdiile for E2 they are more logarithmically spaced (AE/E « .29). 

The sampling time for both energy modes is 3.84 seconds and El and E2 modes 
are separated in time by 45 seconds. This large time gap bethwen low and 
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high tlcetron «n«rgy mMsirtmtnts can result in discontinuous changes in 
the oonposite energy speetrun across the 140 eV boundary Joining the two 
energy rndea* Fortiaiately, this happens only rarely, and the cold and hot 
oonponents characterizing the electron distribution function within 
Saturn’s ni^netosphere reside predominantly in the low and high energy 
modes, respectively. The ion and electron measurements are never made 
simultaneous y (the slwrtest time difference between ion and electron 
spectra is 25 seconds) , which may lead to time aliasing problems whenever 
intercomparisons between ion and electron measurements are made. 

4. Large Scale Survey of Electron Observations 

We resent in Figure 2 a colored illustration of Saturn’s 
m^netos^ere as defined by the plasma electrons, which simmer izes the 
results presented in this paper. The color code is such that cooler 
regions are bluer and hotter regions are redder. The left-hand side is a 
composite view of the observations near the noon meridim, while the 
right-hand side is more characteristic of observations in the dawn-midnight 
quadrant. The different plamna regimes, hot outer magnetosphere, extended 
planoa sheet and inner plamia torus, and other features of interest to be 
discussed are indicated. 

to overview of the observations is given in Figure 3 for Voyager 1, and 
Figure 4 for Voyager 2; moment estimates of the total electron density and 
temperature are plotted versus dipole L. To assist in our discussions 
about the electron data, derived scale height information is also contained 
in both figires; we begin this section by discussing the centrifugal 
confinement of the plasma within Saturn’s magnetosphere. 

Like ihjpiter, Saturn is a fast rotating planet and the centrifugal 
force will tend to confine the plasma near the equatorial plane. If the 
Mach nunber for the azimuthal flow is large enough, the plasma will form 
into a thin sheet centered on that plane. The vertical thickness of the 
plasma sheet relative to the equatorial plane can be approximated by the 
density scale height 
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originally derivad by Gladhill (1967)* This axpraaaionf Mhioh aastanas a 
dipolar n^natio topology* plaaaa oorotating at tha angular valooity 
raportad by Kaiaar at al. (1980)* and ion apaeiaa with mass numbar A.* 
oharga stata Q^, and oorotational anargy s 1/2 A^ (0,8) with tha 
proton naas* oan ba astinatad by using tha obsarvad alactron tanparatura 
(in aV) and aattir« ^a*^i* ^on tanparatura. 

To a zaroth order approximation one can excess the Z dapandanca of tha 
ion density with tha expression for a single ion eomponant plasma tdiara tha 
ratio Z/H^«1 (Gledhill* 1^7). The axirassion is as follows: 

2 

n^a.Z) ^ nj(L,0)a’^^^“i^ (2) 

where wa have implicitly included tha L dapandanca. From Eq. 2 it is 
readily evident that tha dimansionlass ratio Z/H^ datarminas the 
displscamant of tha spacecraft frcMi tha equatorial plana in units of tha 
density scale height of tha ith itwi. Therefore* Figures 3 and 4 contain 
both tha inferred scale height and the ratio |Z|/H^ for singly ionized 
oxygen O’** (left-hand scale) and protons (right-hsnd sesle). Our choice 
of ions has been made to conform to the interpretation of tha positive Ion 
data by ^idga at al. (1981) and Lazarus and NotAjtt (1983) who find tha 
plasma in the outer magnetosphere* L>10* to ba nearly oorotating at tha 
rata observed by Kaiser at al. (1980) if tha composition is chosen to ba H'*' 
for tha light ion and O'** for tha heavy ion. Wa point out that* since tha 
scale height is inversely proportional to the energy par charge (E/Q) of 
the ion as indicated in Equation 1* the computed scale heights are 
independent of the mass assignment of tha peaks in the ion spectra. 

Tha computed scale heights in Figwes 3 and 4 only reflect the spatial 
distribution of tha cold ions* whenever they are present* lAiara vra have 
assumed T T . the temperature of the cold ion eomponant. When the cold 

€ s Cl 

ions are absent* the eomiMited scale heights are underestimates of the hot 
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Ion soalo htighta, sinot th« hot ion tonporaturtt (aaa 

dlaouaaiona in aaetion 5). Tha ^inoipal raatraining forot for tha hot 
iona ia tha ni^natio airror foroa* Throi^hout tha ranainii^ taxt, idianaYar 
wa rafar to tha aoala haight we naan tha aoala height of tha oold heavy 
icffi ocaponant, whioh aay or My not be 0^. Tha aoala haight will 
pertain to tha light iona, whioh eould ha h'*', only whan m axplioitly aay 
80 . ^a word a tharaal and oold will ha uaad intarohai^aahly throughout tha 
text, whanavar m are referring to tha tharaal alaotrona. Tha amia ia true 
far tha worda supratharaal and hot uaad to daaoriha tha aupratharaal 
alaotrona . 

Froa Figuraa 3 and 4 and Equation 2, it ia evident that |Z|/H^ oan ha 
»l at tiaaa for heavy iona, but ^ 1 for light iona at all tinea. 

Therefore, whanavar |Z|/H^ »1 for heavy iona, tha eonpoaition ia axpaetad 
to ha dominated by light iona; for |Z|/H^ <ri the light aiwl heavy iona may 
ha of eomparabla abtmdanoa; while for |Z|/H^ <<1 heavy iona may dominate 
tha eompoaition. Althoi^h, thia identification makaa aaaumptiona about tha 
eonpoaition of tha ion aourcea, tha ion data praaentad by Bridge at 
(1982) am! Lazarua and He Mitt (1983) doaa aupport thia compoaitional 
interpretation . Baaed upon thaaa arguaenta, wa have indicated in tha 
bottom panel of Figuraa 3 and 4 thoaa regiona identified to be dominated by 
either light or heavy iona. For Voyager 2 the eonpoaition ia expected 
alMat alwaya to be dominated by light iona, except at tha ring plana 
croaaing near eloaeat approach. In tha caae of Voyager 1, heavy iona are 
mepaetad to be dominant outaide L*9 inbound and outaide Lc5 outbound. 

Itoyager 1 

During the Vb^ger 1 inboiaid trajectory (i»on local time) frcM tha laat 
raagnetopauae croaaing at Ls22.7 to the outer boundary of the extended 
plamna aheat at Lb 15, the electron danaity and temperature are highly tine 
dependent. Typical denaitiea rat^a between O.OI/ma^ and 0. 1 /m^ tdiila the 
electron tamparatinra rangea fr^ 100 eV up to 700 eV; in Figure 2 thia 
regim) ia labeled aa tha hot outer mi^natoai^ara. Tha large danaity apike 
and correaponding aharp drop in temperature at L«20 ia oauaad by tha 
apaoacraft'a cloae encounter with Titmfi. Tha danaity enhancMenta on 
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fithtr sidt hav« b««n int«ri»”tt«d by Eviatar at al. (19^) to ba Titan's 
"pltna^t an axtanaion of Titan's oo«at-lika tail that has baan wrappad mmiy 
tiaas arotaid Satirn by tha rotating n^natos^ario plaana. Rafarring to 
tha lowar ^nal in Ftgura 3 and trajaotory plot in Figwa 1b, wa saa that 
tha trajaotM‘y is na«* tha aquatorial (ring) plana ahara tha ratio |Z|/H^ 
for haavy ions is nuoh lass than ona, lha larga soala faatura in tha 
danaity ^ofila «ctandii« from Lsl5 to L«7 inbound and Li7 to Ldl outboix^ 
is tha axtandad plana shaat, as originally dafinad by Efidga at al, (1^1) 
and looatad in Figtn*a 2. As tha spaeacraft ap^oaohas Saturn, tha danaity 
within tha axtandad plana shaat risas with soxia variability from 0.2/n^ 
at LslA to 2/m^ at L«7 with about a 1/L^ dapandaiMa (Bridga «t al., 1982). 
At tha SMa tlna tha alaotron traparatura daoraasas fron <^100 aV at LslA 
dotai to 10 aV at Lc7* Siaiilar L dapandanea for tha danaity and tnparatura 
ara obsarvad during tha outbound pass. Tha tanparatura drop within tha 

t 

plaana shaat durii^ tha inbowid pass (raduotion in H^), as tha spaeaoraft 

novas away fron tha aquatorial plana (inoraaaa in Z), enbina to incraasa 

tha ratio |Z|/H^ ffoe 0,25 at Lt16 to mra than 2.0 just outsida Li7 idiara 

tha spaeaoraft is mora than ona soala haight fVom tha ring plana. DiTing 

tha outbotn^ pass, within tha axtandad plaana shaat, tha plaana baoonas 

wamar (ineraasad scala haight) as tha spaoaeraft novas any fron Saturn 

and tha aquatorial plana; outsida Is 11, tha outar boundary of tha axtaiwiad 

plaana shaat and innar iMundary of tha hot outar nnnatosphara , tha plana 

baoonas vary hot and tanuous; eold plana is absant, and supratharnal 

alaotron fluxas lass. Tha taeparaturas ara suoh that tha ratio |Z|/H^ is 

snail throughout tha outboiawi pa-iod, axeapt for tha danaity anhanenant 

naar Ls20, whara tha plana is locally cooler . In this hot outar region 

a 

tha densities sra lass than 0.01/n ; tha tnparatura ap^onhas 1 IwV, 
similar to that seen outsida Ls15 inbound. Nany of tha data gaps ara due 
to tha difficulty in datarmining densities lass thn .01/en^, and at tines 
Intarfaranca is a problem and accounts for mny of these gaps. A nost 
proninant faatura is tha density anhanenant cantered on Ls20, with peak 
densities approaching 0. 1/n^. This faatura probably has no association 
with Titan, since Voyi^ar 1 is nwiiq; down ^turn's tail at this time, at 
0330 local time, wall off tha aquatorial plana; a dipole mdal is 
misleading as to tdtera tha plasms is magnetically eonnaetad to the 
aquatorial pi Mia. 
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Xntidt Li7 it tht Inntr pltMi toru» as dtflntd by tt tl. 

( 1^)1 tht alaotron tMiptratirt bhtrt it oontidtrtbly eooltr than ia found 

tfithin tha ^tandad plaaui ahaat ai^ hot outar SHittoaphara. Safarrii^ to 

Fi|ura 3f 3^t outaida Lb? inbound tha danaity and taaparatura ara 

daeraaaing with tiaw; wa than hr/a a sap trem Ls? to Ls5.8t within which 

tha L ahall of Dtona ia aituatad. Within thia ragion* tha tawparatura of 

tiM eold alaetrona, T , la probably laaa than 3 tVf idiloh »akas tha 

0 

analyaia unoartain (aaa following diMuaaimta on ¥oj^gM* 2 data inaida 
Lb?). Naar oloaaat approach tha tanparatura (T^Bt aV) it ^aarvad to ba a 
local niniflitai at LBt.8t vary naar tha Tathyt L ahall. Ihis ninimun in 
alaotrMi tanparatira way raault» in part* from a ^ataura aniaotropy (T^ > 
obaarvad aa a raault of tha ohanging oriantation of tha D aanaor with 
raapaot to tha w^natio fiald dtwir^ thia tina. ^t tha sain raaa<m for 
thia raduetion in twiparatwa la an ineraasa in cold plaMa ralativa to hot 
plaana (aaa aaetimia 6 and ?). lha low alaetron twaparaturaa obaarvad naar 
tha dona and Tathya L ahall a auggaat that dona and Tathya hava a cooling 
influanoa upon tha plaaua. 

Baoauaa of tha lowar tawparsturaaf tha innar plasma torus ia 
conaidarably thinnc** (Figiro 2) than tha axtandad plaana ahaat, aueh thrt 
tha ratio |Zt/H^ ia at tinas graator I n 3* Aftar eloaast approach tha 
apacaeruft, tdiieh i« about 2 balow tha aquatorial plana, novas toward 
tha ring plana, and oroaaas it at Lb6.3 (|Z|/H^bO). During thia tins tha 
danaity and tmparatwa ara rising; aroiawl Lb5.5 tha danaity naxinizas at 
about 20/en^, but tha tanparatura oontinuas to riaa. Tha alaetron 
tanparatura diaplaya a looal tina aaymatry insSda L>^10, ainilar to that 
obaarvad in tha aora anargatie partiela data aa raportad by fOrinigis at 
(1983)t find t)M alaotron fluxas to ba highar durii^ tha outbound 
pass than that obaarvad diring tha inboiaid pass at tha ama L. 

Wa nota that durii^ tha UV oeaultation parioda tte spaeaeraft auiy hava 
ehargad to a nagHiva potential. (Tha danaity ninimun eantarad on LbZ.S 
outbound occira din’ll^ Sattm-Sun UV occultation). In mi«w)S of shadow, 
t)M alaetron danaity will tand to ba widarastlnatml, and eon|»rison batwaan 
nearly tina coincidant imi and alaetron apactra indioata thi^ to ba so. 
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19i*refor«t th« MaxlatM density aay be as high as HO/ cm as reported In 

Lazarus and HeNutt (1983)« Also, the total teaperature T will tend to be 

overestiaatMl in the UV oecultation r^ions; because the partial pressure 

contributed by the cold electrons P td.ll be underestiaated relative to 

c 

that contributed by the hot electrons P^. 

Voyag«r 2 

The Voyager 2 data in Figure A display a sinilar but acwe symetric 
density jrofile. Again the plasma in the hot outer ai^netosi^ere at noon 
local tiae is highly tine dependent from the inboiaid a^netopause crossing 
(Ls20.5) to the outer boundw'y of the extended plasaa ^eet (Lsl3). As 
with Voyager 1, the teaperature is highly variable, and ranges fr<M 50 eV 
to as high as 800 eV. Mo froainent density spike is present; the Voyager 2 
spacecraft did not ccee close to Titan, which was probably within the 
aagnetosheath at this tine. The density enhanceeents in this variable 
region could be plumes or detached "blobs" of plasma which have broken off 
froa the outer boundary of the attended plasma sheet, as argued by Goertz 
(1983)< The spacecraft approached Sat'irn at high magnetic latitudes, and 
was more than 6 Rs above the equatorial plane at L=20. This accounts for 
the large |Z|/K^ ratios within the cooler density enhancements. The 
gradual drop in |Z|/H^ with decreasing L outside L=13 is attributed to the 
spacecraft approaching the ring plane. Considering how far the spacecraft 
is froa this plane, it is evident that the plasma sheet has a considerable 
thickness. 

The extended plasma sheet is observed from Lsl3 to Ls7 inbound and Ls? 
to beyond L:25 outbound, remaining intact beyond L=25 in contrast to 
Voyager 1, which observed it to terminate at Lsll, The density displays 

ti 

about a 1/L dependence like Voyager 1 (^idge et 1982), both inbound 
and outboiBid; on the outboixid leg this L dependence is obeyed all the way 
out to Ls25. Within the extended plasma sheet at local noon the electron 
temperature drops fron 100 eV at Ls13 to 10 eV at Ls7; in contrast to 
Voyager 1 the temperatur* )s highly variable between LslO and Ls5.5. 
Outbound, the temperature rises fr<Mi 20 eV at Ls7 to 100 eV outside LslO, 
after which it is very steady all the way out to Ls25 where it approaches 
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200 «V. Within the extended plassa sheet the ratio |Z|/H^ is generally ^ 1 
inside Ls10» with auoh variability between LaS.5 and LslO inbound. Outside 
LslO outboimdt |Z|/H^ steadily rises, since tiM tttperature is relatively 
constant and the spacecraft is noving away from the ring plane as it 
recedes frca Saturn. 

^side Ls7t the cold electron tenperatwes, like those neasured by 
Hbyi^M* 1, cm fall below 3 eV; so that, as noted above, the analysis can 
becoee very uncertain. The drop in density at high latitudes inside Ls6 
inbomd is supported to sene degree by the ion data (Bridge et ^., 1982); 
but as a result of «,he sold electron conponent*s gradual disappearance fyon 
the «tergy spectra with decreasif% L, as discussed below, the drop in 
density is probably not as severe as suggested by the electron data. 

Inside of Lst.4 inbound, tdiere electron densities are observed to be 

3 

^ 0,05/cffl , the rise in teaperature froa k eV to 10 eV is caused by the 
ccaplete disappearance of the cold electrons in the energy spectra, 
illustrated by Figure 5. The cold electron coaponent can be distinguished 
froffi the tot electrons by the break in the spectrun at Eg where there is a 
distinct stoden change in slope fyon a steep spectrin at energies less than 
Eg to a flatter spectrin at energies greater then Eg. As can be seen the 
break in the spectrun m es to lower energies with decreasing L such that 
the cold electron conponent aoves to energies less thm the instrument's 
low energy (10 eV) cutoff. This loss of cold electrons could result from 
two different effects. Firstly, because of the very low temperatures the 
cold electron component, although present at the spacecraft, beccnes 
increasingly confined to energies less than the instrument's 10 eV low 
energy cutoff as it beciMies colder with decreasing radial distance. 
Secondly, as the temperature and correspondingly the scale height drop with 
decreasing radial distance, the cold electrons become increasingly 
concentrated at lower Z coordinates than the spacecraft. In both cases the 
sampled fluxes reflect the hot electron c<»ponent, which can reside at 
higher magnetic latitudes; the smaller |Z|/H^ ratios computed inside Ls4.5 
inbound and outbowid are low because they reflect only this hot electron 
component. Further in, between Ls3.2 inbound and Lsi) outbound when the 
instrument was in a lower sensitivity configuration, all signal was below 
instrument threshold. A brief enhancement (less than 96 seconds) of keV 
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electrons well above signal threshold at 238 0445:30 SCET at the Miraas 
outbound L shell crossing is the only exception. Within the gap no 
electron fluxes were (^served during the rir% plane crossing at Ls2. 88 
where 0^ densities were estinated to be >f'100/m^ (see inner plasma torus 
section tdiere we resolve this apparent discrepancy). When the cold 
electrons are confined to energies near or below the instrunent ' s 10 eV 
cutoff the difficulties of analysis can be largely resolved by considering 
the combined ion and electron data sets. Ihis will be carried out in the 
futts*e. 

Ihe general trend of the data near Tethys* L shell inbound is similar 
to that displayed in Figure 5» with T >/* 3 eV. Centered on the outbound 

C 

crossing of Tethys' L shell at Ls4.9* a sharp drop in the electron 
temperature to as low as 1 eV is observed. Inspection of Figure 4 sIkjws a 
minimiSB in the electron temperature near the L shell of Dione both inbomd 
and outbound, ttoi^h not as low (T^s? eV) as found near Tethys. The 
inbound crossing of Dione' s L shell gives convincing evidence that the 
plasma is locally cooler near Dione, tho:%h not as cold as that observed 
dtring the Voyager 1 inbouid crossing of Dione' s L shell. The 
int«*pretation of the drop in electron temperature near the outbound Dione 
L shell crossing is complicated by two factors: (1) the spacecraft 

underwent a roll maneuver durii^ this time and the temperature changes may 
result from a pressure anisotropy and (2) the LECP instrument was stepping 
at a 6 second rate during the roll maneuver and interference in the PLS 
instrument was definitely at a higher level during this time. This 
interference does not appear to have affected the El measurements (cold 
component) , but a significant reduction in signal because of interference 
seems to have occurred in the E2 measurements (hot component) at this time. 
There is evidence for a reduction in the temperature of the cold electrons, 
and whenever the cold electrons are colder the flux levels of the 
suprathermals are also lower. Therefore, there is a qualitative indication 
of a reduction in the total electron temperature near Dione's L shell, but 
this cannot be made quantitative. Combined, the Voyager 1 aud 2 data sets 
indicate a localized reduction in T near the satellite L shells of Tethys, 
Dione, and possibly Rhea and that the inner satellites produce a localized 
cooling of the plama within the magnetosphere. 
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5. Hot Outer Magnetosi^ere t HigUy Tioe Depemient R^ion (Local Ik)on) 
toti«corralation of Electron Density and Temperature 

In the highly tine variable r^ion of the outer magnetosphere at 
noon local tine* the electron temperatures are very high compared to other 
parts of the m^netosphere . Ve have chosen to call this region the hot 
outer magnetosphere (see Figire 2)« analogous to a region found in 
Jupiter's outer magnetosphere vrtiich is also dominated by hot plasma. Ihe 
temperature variations, when studied under an expanded time scale as shown 
in Fig\a*e 6 for Voyager 2, are clearly anti-correlated with the density 
variations. In the ease of Voyager 1 the density changes are most 
|M*Gminent near the outer boumlary of the extended plasma sheet at Ls15 noon 
local time. For Voyage 2 this spiky structure is seen throughout most of 
the inbowid r^ion from the plasma sheet outer boundary at Lz13 to the 
magnetopause. The density and temperature can change by more than an order 
of magnitixle in time periods less than 96 seconds (the smpllng time of the 
instrument) . Considering the spacecraft motion alone these brief events 
translate to spatial dimensions less than 1600 km or 0.02? R^; if convected 
past the spacecraft at corotational speeds of 150 km/s, the dimensions 
become '<'15000 km or 0.25 R.. This spiky structure, tdiere n^ and T are 
anti-correlated, is similar to that seen in the outer and middle 
magnetosphere of Jupiter (Scudder et al., 1981). At Jupiter, the density 
enhancements with corresponding reductions in electron temperature are 
produced by the sudden appearance of cold plasma with only modest changes 
displa^d by the hotter keV suprathermal electrons. In the case of 
Jupiter, this cold plaana was associated with the thin plasma sheet, for 
which lo was suggested to be the primary source. We now show that the 
density enhancements at Saturn, like Jupiter, are the result of sudden 
appearances and disappearances of cold plasma with only modest changes in 
the suprathermals . 

Spectral Characteristics 

In Figires 7 and 8 we display sample electron speed distribution 
functions (or spectra) for Vsyagers 1 and 2 respectively, measured at the 
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density spiles art obaarvad. In aaoh figura two spaad dlatributlons 
ara diaplayadt maaaurad only 192 aaeonda apart for Voyagar 1 and 96 aaoonda 
apart for 11b yager 2» at looationa 1 and 2 in Figuraa 3 and 4, raapactivaly. 
For purpoaaa of oonpariaon, vt otoaa the Voyagar 1 electron diatributiona 
naaaurad aoat nearly ttoa coincident with the ion apactra ahown in Figuraa 
1 and 2 in Eviatar at al. (1983)* The aampla electron diatributiona ahow 
the large variability in phaaa danaity of the cold alactronat while the 
au|M*atharBal eonponant typically ahowa a amallar change in i^aae danaity 
with the appearance of cold plaaaa; a ainilar behavior ia diaplayed by the 
ion data. For the Voyager 2 electron apectrun (aquarea) the cold o<Miponent 
ia nearly abaent» aueh that randoa fluctuationa with amplitudea near 
inatruaent noiae are evident in the apeed diatribution below 140 eV. Aa 
noted above* theae diatributiona are reniniacent of thoae found within 
Jupiter *3 nagnetoaphere* where electrons are clearly far removed from 
thermal equilibrium. A single Maxwellian distribution* which has a concave 
downward parabolic shape in these plots* cannot adequately describe the 
shape of the observed distributions over the full energy range. The 
suprathermals themselves are non.41ax we Ilian since a power law in electron 
speed gives a better re(M*eaentation of their energy dependence than a 
parabola. The nonthermal character of these speed distributions is 
underscored by the fact that the suprathermal electrons contribute only 20% 
of the electron density* vAiile producing more than 85X of the electron 
pressure (referring to Figures 7 and 8* n^^n^ >^0.20 and Pj^/P^ >^0.85 vAiere 
n^j and are the density and pressure, respectively* of the suprathermal 
electrons). A similar partitioning of density and pressure was seen in the 
outer magnetosphere of Jupiter (Scudder et al., 1981). 

Focusing our attention on the thermal or cold electrons alone* we see 
from the superimposed Maxwellian fits (dashed curve) that they are well 
described by a Maxwellian. Using the density and temperature estimates of 
the cold electrons* we estimate time scales for making their distribution 
function Maxwellian by Coulomb collisions to be about 4 days for the 
Voyager 1 speetrun and 46 days for the Voyager 2 apectrun. Considering 
that time scales for radial transport (see Krimigis et al.* 1961* w)k> have 
reported a diffusion speed of 20 m/s near the orbit of Riea) are on the 
order of 30 days for transport over a radial distance of 1 Rg* one expects 
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th« ccld electron distribution functions to be Maxwellian in shape if the 
planna is transported over scale lengths greater than a few Rg. 

The Voyager 1 ion spectra reported by Eviatar et al. show that the 
appearance of the denser cold electrons is associated with the appearance 
of cold ion peaks in the D sensor « indicating a high mach niaaber azimuthal 
flow moving in the corotation direction. Lazarus and McNutt (1983) find 
that the composition and O'*’ is consistent with the plaasa moving nearly 
atf but below, corotation speeds. When the total charge density 
contributed by the cold ions is compared with that estimated for the cold 
electrons, one finds the electron density is about a factor of 2 less than 
that of the ions. Since the cold plasma density is changing rapidly with 
time and the electron density is intermediate in value between the ion 
densities measured before and after it, consistent with a rising trend in 
the density, the ion and electron measurements are not necessarily in 
disagreement with each other. When one compares the ion and electron 
densities over a longer time interval, they are in agreement within about 
30S. It is also evident that when the hot ion fluxes decrease, *;he hot 
electron fluxes above 100 eV also decrease. (Note that Lazarus and Hctiitt 
refer to the hot ions below 6 keV as the warm ion component.) The above 
suggests an association between the cold (hot) ions and cold (hot) 
electrons. A visual survey of the ion, electron spectra for the full 
encounter data set support this association. The ion and electron spectra 
at this time show the ion temperature to be about 5 times greater than the 
electron temperature, and that the warm ion component contributes most to 
the plasma pressure. 

6. Extended Plasma Sheet 

Spectral Qiaracteristics 

As found within the density enhancements outside Ls15, the 
plasma electrons within the extended plasma sheet are again composed of a 
cold and a hot component. Throughout most of the extended plasma sheet the 
suprathermal or hot electrons dominate the electron pressure, while the 
thermal or cold electrons dominate the density. The positive gradient in 
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tleotron t«np«rature batwaan Lb? and Lb 12 (of. Flgura 3t 4) has a numbar of 
eausas as Illustrated in Figures 9 snd 10» where we have displayed sample 
spectra observed within the extended plasma sheet by Voyager 1 and 2, 
respectively; the positions of the measurements are indicated by numerals 3 
and 4 in Figure 3 for Voyager 1 and numerals 5 and 6 in Figure 4 for 
Vo^ger 2. As can be seen, the energy spectrum of both cold and hot 
components separately beccme increasingly steeper on average with 
decreasing radial distance. Also, the cold electrons contribute more to 
the density and pressure at smaller L, than the hot electrons. Near the 
outer boundary of the plasma sheet, the suprathermal electrons contribute 
nearly 25S to the density, and more than 80} to the pressure. In contrast, 
near Ls? at the inner boundary, the suprathermals contribute less than 10} 
to the density, and less than 50} to the pressure. This reduction in 
fractional density and temperature of hot electrons is caused, in part, by 
the suprathermal electrons being depleted as they are transported inward, 
and that this depletion is greater at higher electron energies. We later 
show that this energy dependent depletion is probably caused by an 
interaction with neutral material or wave-particle interactions within 
Saturn's inner magnetosphere. 

Cold, Hot Partitioning of Electron Density and Pressure 

To demonstrate the large scale validity of these spectral changes, 

5 minute averages of the fractional density n„/n and pressure P„/P 

n e He 

contributed by the suprathermal electron component are plotted in Figure 11 
(see Sittler (1983) for details). In the outer magnetosphere, where 
electron temperatures approach 1 keV, the suprathermals can occupy more 
than 50} of the density and nearly 100} of the pressure; in denser regions 
these ratios are typically ^20t and 80}, respectively. At the outer 
boundary of the extended plasma sheet at local noon, there is an abrupt 
drop in the density ratio for both spacecraft. This follows from our 
original statement that the plasma sheet is primarily composed of cold 
plasma. The plots of show that the suprathermal electrons continue 

to dominate the pressure within the extended plaana sheet; it is only 
inside LslO that we see their importance diminishing. The inner boundary 
of the extended plasma sheet and outer boundary of the cold inner plasma 
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torus are clearly defined by the abrupt drop in the aupratheraal electron 
density and pressure ratios inside Ls7 for both encounters. The brief rise 
in the pressure ratios inside L«6 inbound for Voyager 1» and near L«6 
outbound for Voyager 2 are temporary recoveries of the suprathermal 
electrons relative to the cold electrons. We «Bphaslze» that in these 
regions the computed temperature of the hot component can be as low as 
10 eV. 

The ratios of n^n^ and P|j/P^ may be anomalously high in the Voyager 1 
data between Lsi(.4 and Ls5.75 outbound t because of UV occultation by Saturn 
and i';s rings which may cause the cold density to be underestimated as a 
resu: t of a negative spacecraft potential. Within the hot outer 
ms^netosphere t in regions where the cold component is absent, the analysis 
will fit a Maxwellian to the low energy portion of the suprathermal 
component and interpret it as the cold electron component. When this 
happens, typical tmnperatures for the low energy Maxwellian fit are > lOO 
eV and of the density will be in this component (see Figure 8). tMder 
these circvrastances, an estimate for n^^n^ •/'50g may in reality be as high 
as 100!(. 

In the Voyager 1 outbound data, outside Lsli, the coverage is very poor 

because, as mentioned before, of interference problems in the higher energy 

channels. A visual scan of the data clearly shows the total lack of a cold 

component in the energy spectra. The densities are very low 
-2 3 

(n < 10 /cm ) and temperatures are high (T ^ 1 keV). The reduction in 
c c 

partial pressure for the suprathermal electrons displayed by the Voyager 2 
outbound data outside Ls10 (Pu/F is a maxlmimi at LslO) is presently not 
fully understood. As pointed out before, the data suggests a relationship 
between the hot ior.s and hot electrons and that, for the spectrum in 
Figures 1 and 2 in Eviatar et al. (1983). the hot ions dominate the ion 
pressure. If the ions display a similar partitioning in pressure between 
their cold and hot components like the electrons, then the hot ions should 
dominate the ion pressure within the extended plasma sheet. 
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7* Cold Inner Plaaea Torua 

As dasorlbad in aaotion 4 and illustrated in Figure 2* the inner plasma 
torus is a region of reduced electron temperature and scale height. This 
reduction in temperatiret similar to that observed within the extended 
pl*M>e sheet inside L<riOt is caused by a cooling of the oold electrons and 
significant depletion of the suprathermal electrons. We begin this section 
with a re-evaluation of the preliminvy interpretation of the Vbyager 2 
ring plane crossing data presented in Bridge ^ al. (1982) from which it 
becomes evident that the electron temperature can be as low as 1 eV within 
the inner pla»a torus. 

Vbyager 2 Ring Plane (tossing: T^ l eV 

Bridge et al. (1982)* it was noted that the observed thickness 
of the plasma sheet of 0.2 Rg at Ls2.88 was considerably less than one 
would estimate using the (^served temperature of 10 eV for O'*' ions* setting 
and using Eq. 1; doing this they estimated H^sO.9 R^. A pressure 
anisotropy in the ions was the proposed explanation for this inconsistencyf 
but the required in'essure anisotropy P^/P* »^20 is very large. Coulomb time 
scales for iaotropization of 0'*’ ions, with densities •/'1(X}/em^ and 
temperatures *^10 eV, are on the order of 30 days (see Rossi and Olbert, 
1970). The residence times are at least this large, hence it seems 
inconceivable that this is an appropriate explanation. During the ring 
plane crossing, the electron temperature is at such a low level that the 
thermal electrons are confined to energies below the instrument low energy 
cutoff of 10 eV. By knowing the electron density and spacecraft potential 
from the ion measurements, one can oompite an upper estimate for T^ by 
setting the phase density of a Haxwellian representation of f equal to the 
minimm ^ase density of f set by the instrunent signal threshold in the 

* 5 

lowest speed channel. Using n^slOO/om'’ ami setting ■ 0 volts, we 
compute an upper estimate for T^«1 eV. (Mote, the spacecraft potential is 
probably negative at this time, so that T^ will be underestimated somewhat 
by setting * 0 volts. The ion data are inconsistent with potentials in 
excess of a few volts in magnitude. Finally, the effect of the negative 
spacecraft potential is someidiat compensated by ignoring the density 
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oontribut«d by light ions). It thsn follows thst '^,/Tq'** « ^ so that tht 
originally estimatsd soale height is rediwed by /2» from 0.9 Rg to 0.64 R^. 
Ihm using the arguments developed in Lazarus a»j Methitt (1983) t the 
recpiired |»*essure anisotropy P^/Pn ^ 6 is more reasonable. 

Depletion of Suprathemal Electrons 

Inside Lrl0» the density and pressure ratios for the hot 
electrons » shotm in Figure 11 display a large scale reduction with 
decreasing radial distance from Saturn. The large drop in pressure ratio 
is caused » in part* by a systematic attenuation of the su^athermal 
electrons with decreasing radial distance. In most cases* the attenuation 
is greatest at higher electron energies and shifts to lower energies as L 
decreases. Sittler et (1981)* using Voyager 1 data originally 
attributed this systematic attenuation of the su^athermal electrons to 
interactions with Saturn's diffuse Earing. This feature is observed to 
extend from Li9 inbouiMl to Ls? outbound (Hbyager 1) and LslO inbound to Ls? 
outbound (Voyager 2). In both cases* this large scale depletion displays a 
local time asymetry with suprathermal electrcm fluxes recovering closer to 
Saturn during the outbo nd pass. Examples of the attenuation* referred to 
as "bite-outs" are given in Figures* 5* 9 and 10. In Sittler et al. * they 
were identified by the negative curvature* n» of the electron distribution 
function f in tn f vs in v space at the maximum energy* E , at which 

V w V •M 

the electron fluxes exceed the instrument signal threshold. 

Bite-out signatures identified by PLS are apparently associated with 
energy dependent signatures found by LECP (Krimigls et al.* 1981* 1982* 
1983) in the regions from Ls9 inbound to Lx6.5 outbound (Voyager 1) and 
LslO inboind to Ls? outbound (Voyager 2). The energy ranges are 37 to 70 
keV for Voyager 1 and 22 to 35 keV for Voyager 2. When combined the two 
data sets suggest an energy dependent depletion of electrons which is 
greatest at an energy between the highest energy fluxes are measured above 
instrument signal threshold by PLS (E < 6 keV) and the lowest energy 
measured by LECP (iiKllcated above). We discuss in section 10 the possible 
causes of this phenomenon. 
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In addition to tha largo aealt roduotionsi thora ara looalizad (snail 
scala) raduotions in tha au^athamal alaotron fluxaa. Rafarring to Figura 
12* and noting tha raaulta diaplayad in Figura 3 of Sittlar ot al . (1981)* 
tha Voyagar 1 data displays s looalizad mininua in supratharnal fluxes 
oantarad on Diona's L shall inbound. For 5 ^ bita^ut is confined 
near 6 kaV* and than novas to lower anargias witil inside U*7 it is 
oonfinad to anargias lass than 50 aV. fiatwaan Ls7 and L«5.5 inboimd* 
within tdiich Diona's L shall resides* electron fluxes above 50 aV are 
confined near or below instrunant signal threshold (gap in Figura 12 fron 
317 1900 to 2200 SCET). Inside Ls5.5 inbouid tha supratharnals display a 
gradual recovery and than brief radiation in flux near tha Tathys L shall 
at L^4.9. In tha outbound data no localized depletion of hot electrons is 
<^servad near the L shells of Tethys and Dlone; as shown in Figure 12 the 
suirathamal electron fluxes increase with increasing radial distance taitil 
they aaxinize near tha rii« plana crossing. Tha local aininun in density 
and |H*essure ratios cantered on L«4.9 inbound and betvieen Lb 4.9 and Ls7 
outbound* is iriaiarily caused by an increase in cold relative to hot 
plama. 

Tha VoyagM* 2 inbound data displays snail scala bite-out signatures 
axtendii^ out to nearly LslO where tha depletions are oonfinad to energies 
near 6 kaV. (Lika Voyager 1* the depletions nove to lower energies as the 
spacecraft novas inward). Within tha highly tine dependant region between 
LslO Kid Lb 5.5 inbound for Voyager 2 (see Figure t and Figura 16)* bita-out 
signatures in the energy spectra are observed vrtienaver temperature ninina 
occur. Therefore* tha tot electron fluxes display a very tine dependent 
behavior within this tine interval. Similarly* Krinigis ^ (1982* 

1983) reported large time dependent variations in electron fluxes with 
energies *^30 kaV within the sane spatial regine. Cantered on the inbound 
Diona L shell crossing* an enhanced depletion of supratharnal electrons 
lasting >^40 ninutas is observed. Within this feature* very near tha 
predicted L shall of Diona (Connerney* private OMmiaiication) * there is a 
brief density enhancement with large increase in tha suirathamal electron 
flines extending up to 6 keV (see Figure 16). Inside of Dione's L shell* 
tha attenuation renains stroi^ at anallar radial distances siMh that no 
significant fluxes above 140 eV are observed inside Ls5. 
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1h« looaliztd 000H14 Msoolatad with th« Itoy^tr 2 ou^in^ oroasing 
of l^thya* L shall la dlffloult to Intarprot baoauaa of tha low flux lavals 
abova 30 aV and vary staap slopa In tha oold alaotron spaotrun. Prasant 
tantatlva analysis Indloatas a looallzad ooollng, with an addition of oold 
plana tha nost llkaly oaun* tiota that durli^ this tlaa tha Itoyagar 2 
spaoaoraft did oona within 93t000 kn do«oistram of Tathys as It orossad tha 
Tathys L shall* so oold plana raoantly load^ onto flald Unas aay hava 
baan obsarvad. lha obsarvad daoraasa in during tha Voyage* 2 

outbowMl orosslr^ of Dlona*s L shall* ^urs dirli^ tha roll nanauvar notad 
In saotlon 4* and Is tharafora taicartaln. 

8. Association batwaan Supratharasl Elaotrons and Whlstlar Hoda Ealssions 

Gurnatt at jl* (1981) nd Soar f at (1982)* raportad asilssions of 
hiss and ohm*us. Thasa whlstlar soda nlssions appan to ba assoolatad 
with tha prasanea of supratharaal aleotrons with tdileh thay ara rasonatlng* 
although nlssions ara obsarvad at tlaas whan no elaotrons balow 6 iwV ara 
datactad. In Flgira 3 of Gurnatt at al. (198D* no whlstlar noda amission 
Is apparant batwaan 1900 and 2100 hotrs SCET on day 317* As shown In 
Flgura 12* no alaotron fluxas of slgnlflcanca abova 50 eV ware observed 
during this sama time period. After 2100 hours* whistler mode amission 
batwaan 560 Hz and 3*1 kHz shows a steady Ineraase with time. At 1 kite* 
where tha maximum Intensity occurs tha nlsslon peaks at about 2300 hours* 
after whloh It daoraasas and tha amission spreads out to a broader band of 
frequanolas. Tha Intensity of tha broad banded emission than rises 
staMily with time* with a maximum near tha ring plana crossing at 0414 
hours on day 318. Showing a similar time dapamtanea* tha supratharmal 
electrons recover from balow threshold flux levels starting at about 2100 
hours* after witlch thay rise steadily uitll near closest approach idiara 
thay display a lavallng off and brief drop in flux batwaan 317 2351 and 318 
0031 (predicted crossing of Tathys' L shall Is 318 0012{ Connarney* private 
coraun lest Ion ) . The hot electron flux lavals than continue to rise* with a 
mnlmia near tha rlr^ plana erossli^. As axpactad* tha Ineraase In wave 
mnlsslon Is assoelstad with an Ineraase In ^asa density of tha particles 
in resonance with them. 
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lAitn th« Mi8si<m la oonfinad to a narrowar rang# of froqutnoiaa» for 

txaKpla, tha tina pariod batMian 317 2100 to 318 (KtOO hotra, tha hot 

alaotrona ara of low danaity (n^i <«*0.01/ai^) and oharaotarlatloally lowar 

taaparatiraa (T|| ^ 100 aV). Whan tha idtlatlar noda miaaion oovwa a 

hroadar band of lyaqiwnolaa (i.a.» dwing tha ring plana oroaalng), 

aapaolally toward lowar fraquanolaat tha naprathanaal dmialtlaa (n|| •«' 

1/<»^) aiMI tanparaturaa (T|j 2$0 aV) ara highar. Thla aovramit of 

tdilatl«* laoda mlaalon to a broadar ranga of fraqaaolaa* aapaolally toMrd 

lot^ iyaquanelaa« la Mpaotad with an Inoraaaa In danaity and t«nparatura 

of tha auprathamal alar^trona. Furthamora, during tha ring plana 

2 

eroaalng* tha orltlo^ anargy > B /8vn^ la looally anallar. Baoauaa of 
thlOf mvaa of a glv«i <ya^ney will raaonata with lowar anargy alaotrona. 
Both affaota ooa^lna to anlarga tha ranga of alaetron anarglaa of 
aufflelant ^aaa danaity that ara avallabla to raaonata with tha mvaa, 
auoh that tha lomr flraquanoy wavaa raaonata with tha aora anargatlo 
alaotrona (aaa Xannal md Bitaohak, 1966). Thla Initial mirvay of tha 
Hbyigar 1 data, ahom that thara la an aaaoolatlon batwam anhanoad lavala 
of whlatlw* mlaalon and aufratharaal alaotron fluxaa. VI th tha ¥oyagar 2 
data, thla aaaoolatlon la not aa olav. For axanpla, tha aalaalona 
dlaplayad In tha broadband data In Flgiraa 9 and 3C of Soarf at al. (1982) 
auat ba In raaonancc- with nora anargatlo alaotrona C > 6 kaV, alnca no 
aupratharaala abova 30 aV ara obaarvad at thasa tlaaa. Baoauaa at thla 
tl»a Egji la locally graatar thm 100 imV aiM ^^ably not laaa than a faw 
kaV at tha aquatorlal plana, althar of thoaa tlaaa. It la axpaetad Uiat tha 
idilatlar aoda wavaa ara In raaonanea with aora anargatlo alaotrona. In 
aiaaatt'y, ona can aay that tha (^aarvad whlatlar aalaalona can at tlaaa ba 
Intar^atad to ba In raaonancc with tha low anargy E < 6 kaV alaotrona, and 
at othar tlaaa they ara probably In raaonanoa with ao*a anargatlo 
alaotrona . 
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$• Saturn* » 8ing Currtnt 

Ntss «t al. (1$81«1982) and Connarnay at al« (1981) raportad avidanoa 
of M axtandad rli« oinrant ayatan in Satwn*a outar nHMtoai^ara. Thia 
nodal ring ourrant, baaad on Voj^gmr 1 n^natio flald data, hi^ Innar and 
outar boundarlaa of 8*5 and 15*5 8^^ in tha aquatorial plana with a full 
tmifom vartioal thioknaaa ^ of 5 8^* Connarnay at al. ua^ a 1/8 
dapandanoa for tha ourrant danaity (8 it tha aquatorial radial distanoa), 
which waa oonatant batwaan -D/2 < Z < D/2| for |Z| > D/2 tha currant waa 
zaro. 8t tha innar radial boirndv^y of tha ring ourrant, thay aatinatad a 
currant danaity j ■ 3 x 10*^ saotion wa axplora tha 

^aarvational iaplieationa thia nodal has m tha plaana data and visa 
v«raa. 

Tha eurranta within Saturn's n^natosphara ara tha result of ohargad 
partiela lotions brought about by gradients in tha systan. Currants 
carried by tha low energy plcma (for tdiich gyro-ri^ii 8^ ara Mall 
oonparad to character istie spatial scale lai-^ths for tha particles and 
fields 8^/L^«1) va froduead by stresses inposad upon the nagnatic field 
oy tha centrifugal force of tha aziauthally flowing plaana, ^assure 
gradients in tha plaana, alaetrie fields and gravity; for our purposes, the 
alaetrio and gravitational fields nny be naglactad. Mathanatleally, tha 
plaana currants J ara Mbodiad in tha J)d tarn in tha mmantun aquation; by 
assiniitg; rigid eoro'^ation, steady state, and azimuthal synnatry, tha 
currant density can be shoiai to have tha follotdng form (sea for axMpla 
Ilossi and Olbart, 1970, p^a 270) 
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where x is tha nignatic latitude, wa have assumed Isotropy in tha prasstTa 
P, and used a dipole field for I. Tha first tarn is from tha eantrifugsl 
forM, while tha other two ara caused by latitudinal and radial grsdiarts 
in tha plasma irassura, rasMativaly. If tha tarn in bractets is positive, 
tha ourrant will flow in an eastward direction, if n9g*ti^% in a westward 
direction, tfa sea fron Eq. 3 that tha radial and latitudinal dapandanea of 
is nrt obvious, and will depend critically upon tha spatial distribution 
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of the density sml conposltion (eentrifugal tern) end the spatial 
distribution of the pla»ga in^essinre ({sressure gradients), ihiother 
iaportant point about Eq. 3f is that is inversely proportional to B, 
tdiich tends to aake the current densities greater in the outer 
BSgnetosphere and near the equat<M‘ial plane where B is a ainiaua. Finally* 
the change in the ai^netic field A 6 produced by the ring current is giv«i 
by a voluae integral over the current distribution (Biot-Savart law). Ihus 
the change in % will be a fiaiction of the total theraal and centrifugal 
energy of the plasaa. 

The radial and vertical boundaries of the model ring current nearly 
coincide with that defined by the extended plasaa sheet as defined by PLS; 
the half thickness of the ring current D/2 is apixroxiaately that defined 
for the cold heavy ion plasaa (i.e.» H^<t>£2.5 R 3 ). In order to better 
imderstand this relation^ip between the ring current and extended pla^a 
sheet* and to evaluate the relative iaportance of the contributions of 
centrifugal and pressure gradient terms to the ring current, it is useful 
to reurrite Bq. 3 in a different fora. We do this by considerit^ only the 
heavy ions such as 0 ^, assiae density decreases %fith a l/Ef* dependence* 
asstsM a positive gradient in R for the temperature T s T ♦ T of the 
plasaa (i.e.* T proportional to R ) and confine our estiaates to the 
equatorial plane idiere the current densities are expected to 1 m highest. 

We then get 



where is the Rlfven Mach number for the azimuthal flow of the plasma at 

reference point R^sR-X , B sB(R )* Mf^eE /P is the sonic )tach niaiber 

osooosooo p 

squared equal to the ratio of centrifugal energy density E^= 1/2 

over plasma pressure evaluated at R * p is the mass density at R , and 

00 o 

RsiigX. The first term characterizes the currents prodireed by the 
centrifugal force, t^ile the second term* proportional to the plaana beta S 
-- is caused by the inressure gradients. If M^ » 1* then the 

centrifugal term is the dominant contributor to the current density. If 
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<< 1, then the doninant contributor to the current ia the preasure 
tens. Eatie^ea at apecific local a indicate that N§ ia > 1 within the 
extended plaama aheet. In aectiona 5 and 6 we ahowed that hot iona are 
expected to doninate the plaaaa ixreaaure in the extended plaama aheet and 
iMt outer magnetoaf^ere . Fcht example* the warm i<m component diaplayed in 
Figure 1 of Eviatar ^ (1983) alone givea a pla^a beta <^1.0. The ion 

{M*eaaia*e in the LECP energy rat^e (Kfimigia et 1983) indicate plaama 0 
idiich can exceed one between Ls6 and Ls9 near the equatorial plane* if the 
compoaition ia O'**. Outaide LslO* where the compoaition ia probably H^* the 
plaama 0 are 0.5. So the preaaure terma do appear to be competitive with 
the centrifi^al term. 

0a a means of atudying the general mori^ology of the plaama preaaure 
measured by the PLS instrtmient* we display in Figure 13* plots of the 
electrMi ix'essure P^ and electron beta 0 versus dipole L. Concentrating 
our attenti<Mfi upon the Voyager 1 data, from >d)ich the rii^ current 
paraueters wre originally derived* we see that the electron pressure 
displays a steady decrease in L* outside L:9 for the inbound data. Outside 
L=15 inbound, it then levels off to a constant value on average* all the 
way to the magnetopause. It is interesting to note that P^ shows no 
variati<M across the m^netopause* except for ^all scale variations 
associated with the actual boumiary crossings. The outbound data shows the 
electron pressure maximizing dialing the ring plane crossing at Ls6.3* after 
which it drops off with increasing L. The turnover inside L=7 inbound is 
caused by a decrease in electron temperature and movement of the plasma 
sheet below the spacecraft position as the plasma cools. Outside L=11 
outbound* ipdiere the extended plasma sheet has terminated the pressures are 
very low. If there is a definite association between the ions and 
electrons as previously discussed* and the pressure terra makes a 
significant contribution to the ring current* one would expect the ring 
current to terminate at the outer boundary of the extended plaana sheet 
where either the gradients are weak or the medium is devoid of plasma. It 
should also be said that the cold ions* which contribute to the centrifugal 
term* also terminate outside the extended plaana sheet at about Ls15 
Inbound. 
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lh« eltctron 0 displays an ovarall dacraasa with daereasing radial 
distanca from Saturn during tha inbound pass. In tha Iwt outer 
Bi^netosphara 6 is >^0. 2t within tha extended plaaaa sheet outside LslO it 
is ^ 0. 1» while inside LslO it displays a steep decline with decreasing L, 
which as noted f<wr P , is attributed to a thinning of the plasma sheet as 
it cools and a reducti<m in electron temperature. The outbound profile is 
vvry similar in shape, except (1) the turn over in s occurs closer in at 
Ls7.5 compared to LslO for the inbound data, and (2) the g are apparently 
v«ry low outside Lsll, outside of irtilch the plasma sheet terminates. 
Comparing the inbound and outbound electron beta observed at the same L, 
see they are approximately equal at LslO, while inside Lsl0 the electron 
beta is larger dirlng the outbound pass. This asymmetry in 0^ is caused by 
the spacecraft being nearer the equatorial olane and the electron 
temperatire being higher, during the outbound pass. 

For Voyi^er 2, the electron pressures outside Ls8 are comparable to the 

Vbyag«’ 1 pressures at the sane L. Like Vo^ger 1 the P and 0 profiles 

© ® 

turn over inside Ls7; the plasma is cooler and the plasma sheet has moved 
below the spacecraft position. In contrast to Voyage* 1, the inbound 
Voy^er 2 P and 0 profiles are v«*y mixed in structure; on average no 
pressure gradient is evident within the extended plasma sheet at local 
no(xi, though a lot of fine structure is present. The flatness displayed by 
the p*essure (rofile is caused by the steep temperature graklient (see 

4 

Figure 4) inside Ls12, tdiich offsets the 1/L decrease in the density. 
Because the magnetic field pressure has a strong L dependence (1/L^) and P^ 
is nearly a constant on average, 0^ shows a steep positive gradient in L 
inside L=12. Another major difference in the Voyager 2 data is that 0 is 
nearly a factor of 10 smaller for Voyager 2 than for Voyager 1. This 
difference Is caused by the Voyager 2 spacecraft being at higher magnetic 
latitudes where the internal magnetic field strength is greater, and the 
spacecraft being above the ring current such that the current contributions 
to add to the internal magnetic field. As noted before, the ring 
cu*rent will be largest near the equatorial plane where B is a minimum. 

The outbound data is more reminiscent of the Voyager 1 observations; the 

4 

electron pressure displays a steady i/L decrease outside Ls8, until 
Ls17, after which it levels off. Since the spacecraft is moving away from 
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th« equatorial plane with increasing L, this leveling off of the pressure 

profile is expected to occtr at smaller L near the equatorial plane where 

the currents are most important. (A similar argument will make the 

pressure profile near the equatorial plane less steep between Ls13 and Ls20 

inboimd.) So ^ain, the rii% current* if dominated by pressure gradients* 

will terminate for L > 15* Within the inner plasma torus* the electron B 
-3 

are very low < 10 * since the spacecraft is either far off the equatorial 
plane (above plasma sheet) or at the ring plane crossing (Ls2. 88) the 
plasma is very cold and the magnetic field strength is high. Finally* we 
note that the electron iM*essure profiles in Figure 13 are very similar in 
shape* with some exceptions* to those reported by fO*imigis ^ (1983) 

for tot ions in the LECP energy range. 

To get some representative values of the total plaana beta* one can 
compare ion spectra which have been analyzed in detail with almost time 
coincident electron spectra. Die electron spectrin in Figure 7 and nearly 
time coincident ion spectrum in Figure 2 of Eviatar et (1983) show the 
iM) pressure in the outer magnetosphere to be <^5 times the electron 
pressure* and suggest that the hot ions dominate the ion pressure there as 
the tot electrons dominate the electron pressure. Similarly* the Voyager 1 
ring plane crossing ion spectrum at 318 0408 SCET at Ls6,3 (R. L. McNutt* 
private communication)* and the almost coincident electron sfwctrun in 
Figvre 14 show Pj^ to exceed P^ by a factor of 10. The same can be said for 
the Voyager 2 ring plane crossing data. Thus the presently available 
evidence suggests the ion pressure significantly exceeds the electron 
pressure and that the total plasma beta for ions ato electrons below 6 keV 
is ^ 0.5 to 1.0 in the extended plasma sheet* ^ 0.25 to 0.5 within the 
outer parts of the inner plasma torus (L > 6)* and > 1.0 in the hot outer 

ST 

magnetosphere . 

Assuming the electrons give a fair description of the ion pressure 
profile below 6 keV, one can make a rough estimate of j, using Eq. 4. We 
will use the 1/L dependence in the pressure suggested by Figure 13; a 
precise value of the slope will not critically influence our esttoate. We 
will use typical Voyager 1 plasma and field parameters at L 10. Using 
Bs20 nT* P^ s 10”^^ erg/cm^* and setting Ps5 P^ we estimate $s0. 4. The 
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Alfv4fi Hach nunbtr with a density of 1.0/<^^» assunlng 0**^ Iona, and 

assmlng corotation speed of 100 kn/s. Is M.sO.92 and the sonic Mach number 

2 * 5 

squared M. s 2.1. Substituting into Eq. 4, vw estimate j, s 1.4 x 10 

2 * 5 

Mtp/K $ %A)ich is within a factor of 2 of the estimated J. « 2.5 x 10 
a- 

Mp/Rg by Connerney et al. (1981) at LslO. These calculations, similarly 
done by Lazarus and McNutt (1983)* dmaonstrate that the low energy plasma 
does contribute to a significant fraction of the ring current. For this 
particid.ar estimate, the ixressure term contributes to about 50S of the 
current. Although more {precise estimates of the plaaaa beta and pressure 
gradients (PLS and LECP) are required to make a definite statement about 
the relative importance of the centrifugal and pressure gradient terms, it 
does appear that the pressure grmlient term is competitive with the 
centrifugal term in the estimation of j^. 

Ness et al. (1962) reported significant deviations between the outboimd 
Voyager 2 magnetic field measurements and predictions by the Connerney et 
al. (1981) model based on Voyager 1 observations. The suggested 
explanations were temporal variations in the solar wind momentum flux 
between encounters or neglect of me^netotail currents. We offer an 
alternative explanation, in that the extended plasma sheet was (^served to 
extend beyond Ls25 during the Voyag«r 2 outbouid period, while for Voyager 
1 the plamaa sheet terminated outside Lsll outbound. (We note that a 
similar behavior is displayed by the LECP data reported by Krimigis ^ al. 
(1983)). The {resenoe of the plaana sheet beyond Ls25 for Ifo yager 2 
produces a definite enhancement of the ring current within the 
dawn-midnight quadrant relative to that present during the Voyager 1 
outbound pass. One can see from Figure 2 in Connerney et al. (1981), that 
deviations between the model calculations and the magnetic field 
measurements occirred betvmen •/'16:30 and 19 Iwurs on day 317 and between 6 
and 8 hours on day 318. The inbound anomaly can probably be attributed to 
ignoring the presence of a ring cirrent inside Ls8.5which is confined 
nearer the equatorial plane. The latter anomaly Is probably caused by a 
somewhat thicker ring current during the outboimd pass than that used in 
the model calculations. 
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10, SiBimary and Discussion 

The survey of the low energy plasma electron observations made at 
Saturn by the Plasma Science Experiment (PLS) during the Voyager 1 and 2 
encounters, shows the electrons, like the ions (Eviatar et al^., 1983; 
Lazarus and Hclkitt, 1983)* to be composed of a cold and a hot component. 

The cold (thermal) electrons display a Maxwellian energy dependence, while 
the hot (suprathermal) electrons have a non-Haxwellian energy dependence. 
This two component structure characterizing the electron distribution 
functioi, was also seen in Jupiter's magnetosphere (Scudder et al., 1981). 
Residence times for the trapped cold electron component are i»*obably long 
enov^h to allow CouloaA) collisions to make them nearly Maxwellian ; the hot 
electrons evidently are too hot and tenuous for Cbulomb collisions to have 
a significant effect on them. There is evidence in the speed distributions 
for a filling in of the spectrum at the breakpoint energy E^ separating the 
cold arxl hot components; as discussed below Q>ulomb collisions are probably 
the cause of this. The data also suggests a possible association between 
the cold (hot) electrons and the cold (hot) ions. 

A striking overall feature of the plaaua electrons is the large 
decrease in electron tmnperature with decreasing radial distance, from v<800 
eV in the outer magnetosphere to less than 1 eV in the inner magnetosphere. 

regions within the outer magnetosphere vAiere cold plasma is present the 
computed scale height for the cold heavy ions is ^3 Rg* vrtiile within the 
inner magnetosphere the observed scale height at Ls2. 88 is 0.2 R^ (Bridge 
et al., 1982). Ihis drop in plasma sheet thickness by more than an order 
of magnitude can mainly be attributed to the drop in plaana temperature 
with decreasing radial distance, although changes in composition and 
pressure anistropy may also contribute. We suggest three possible causes 
for this decrease in electron temperature: 1) a source of cold plasma 

within Saturn's inner magnetosphere combined with heating and outward 
transport; 2) a plasma source in the outer magnetosphere combined with 
cooling and inward transport; or 3) both mechanimns are in effect. We 
presently feel the third choice is most consistent with the plasma data as 
a whole, with the first effect primarily Influencing the thermal electrons, 
and the second the suprathermal electrons. The suprathermal electrons 
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demlnate th« «l«otrMi i^esst^e in th« out«r nifnttosph«re, while the 
therael eleotrona become dwRinent within the inner nagnetoaphere near the 
equatorial plane} within the inner nagnetoaphere the hot eleotrona nay alao 
doninate the electron treasure at high latitudes. Fron the aeaaurramts 
one c«i identify three distinct plasaa regimes as illustrated in Figure 2: 

1} the hot outer ai^netosphere « 2) the extended plaama sheet, and 3) the 
inner plaama torus. 

Hot Outer Nagnetoaphere 

The hot outer magnetosphere is that region residing bet wen the 
outer boundary of the extended plaama sheet and the magnetopause. 

Throi^hout this region the suprathemal electrons dominate the electron 
iressure. In the midnight-dawn quwlrant of the outer region the densities 

3 

are usually < 0.01/om , and the electron temperatures > 500 eV. Near the 
noon meridian both density srd electron temperature show a highly variable 
behavior, with anti-correlated density and temperature variations. The 
density enhancements are caused by the sudden appearance of cold plasma; 
order of mc^nitude changes can take place in leas time than the sampling 
period of the PLS instrument (96s). Density is observed to vary between 
0. 01/cm^ and 0. 1/cm^, while the temperatures vary betwen 50 eV and 800 eV. 
In the low density, high temperature regions cold plasma Is absent and all 
the density and pressure is contributed by the hot electrons. Within the 
density enhancements the cold electrons can dominate the electron density 

electrons contlnw to dominate the electron 
pressure *^80>). In this outer region the plasma 6 is probably 

greater than one, but on average the pressure gradients are very weak 
(spatial scales greater than 1 R^). 

Hot Plasma Soiree 

Eviatar ^ al. (1983) have suggested that the source of warm ions 
observed below 6 keV by the PLS instrument in the outer magnetosphere, is 
the local ionization of neutral gas within Saturn's rotating magnetosphere. 
The atomic hydrogen cloud (^roadfoot et ^. , 1981; Sandel 19^) can 

account for the warm hydrogen component reported in their paper. To 
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aooount tar tha haavy Ion oonatituant of tha warn plawa a heavy neutral 
not yet detected « nuat be preaent in auffloient quantities within the 
neutral cloud. Eviatar jd . have suggested atonic nitr^en enitted by 
Titan by ray of exoenergetlc dissociative reactions of molecular nitrogen 
(Strobel and Shemanaky» 1982). They also suggested enission of atomic 
oxygen to the outer magnetom>here by the main rings. Charge exchange 
reactions between a oorotating ion and an anblent neutral will ^oduce a 
fast neutral which does not have sufficient energy to escape the Saturnian 
aystsm and is confined to Keplerian orbits residing within the vicinity of 
the neutral hydrogen cloud. After ionisation, these newly born ions are 
accelerated by the motional electric field and form cycloidal distributions 
oomoving with the rotating magnetospherlc plasma with gyro-speeds equal to 
the azimuthal speed of the locally rotating plasma. These distributions, 
which are unstable to the generation of plasma waves (Ma and Davidson, 
1972), are expected to become thermclized to form a Nach 1 plasma. For the 
specific O'lse presented in Eviatar at a?,. (1983) the hot oonponent is 
^served to be a Mach 1 plasma, as required, with the temperature of the O’** 
(or N’*') hot Ion being 1.3 keV. 

The souroe of the sujxrathermal electrons is not so clear, since 
electron pick up energies are confined below 1 eV within Saturn* s 
magnetosphere. Therefore, s<XBe other mechanism must be present to aooount 
tar the hot electrons which have a mean thermal energy <^100 to 300 eV for 
the electron spectra displayed in Figures 7 and 8. One viable possibility 
is the double exobase concept fro posed in Soudder ^ (1981) for 

«hiplter . 

Cold Plaraa Density Ehhancraents 

The source of the density enhancements in this chaotic plasma 
regime in the noon sector is ^esently unresolved. Eviatar et al. (1982) 
have presented convincing evidence that the Vbyager 1 density enhancements 
(Ls21 and Lb 19.2) on either side of the main Titan encounter pluae at Lb 20 
are remnants of Titan’s plirae or oometary tall; the density enhancement at 
L«18 is less convincing. The change in position of the plumes relative to 
Lb 20, was attributed to the compression and expansion of the magnetosphere. 
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vrtiieh is responding to ohsnges in the external solar wind pressure. The 
observations are consistent with a gradual aging of the plumes, 
character! zed by a dispersal of the plunes by the centrifugal interchange 
instability, heating and acceleration. An aging effect was also suggested 
by Sittler et al. (1981), who studied biteH>ut signatures in the 
sufrathemal electron tails as an indirect indicator of the presence of 
neutral material. Within the main Titan plune, a strong attenuation of the 
suprathermal electrons above 700 eV (bite-out) was observed (Bridge et al., 
1981). As the plvne age increased, the bite-out signatures became degraded 
(turn over in the spectrum moved to higher energies); lor the oldest plume 
at Ls18 the signature is nearly absent. The time scale for plume 
dispersal, at which point they become indistinguishable fron the bacl^round 
plasma, was estimated to be on the order of a few Kronian rotation periods. 

Goertz (1983) p’esented a different interpretation, in idiich the 
chaotic r^ion is called a "turbulent layer", which may not necessarily 
contradict the plume identification made by Eviatar et al. (1982). Die 
density enhancements are "blobs" of plasma which have become detached from 
the outer boundary of the extended plasma sheet by the centrifugally driven 
flute instability. This model is motivated by the flat top shape of the 
density enhancements, and because the amplitude of the density enhancements 
display the same L dependence as the density within the extended plaana 
sheet. For the Voyager 1 data in Figis'e 3, from tAiich Eviatar et al. 
presented evidence for Titan plumes, the model by (k>ertz does not appear to 
be supported, except near the planna sheet outer boundary between Ls16 and 
17. For Voyager 2, Titan was apparently in the magnetosheath or near the 
magnetopause boimdary (P. Gezis, private communication) for a few days 
(estimated plume lifetime) before the spacecraft entered the magnetosphere. 
Therefore, one does not expect to see any evidence of plumes, which may 
also be confined nearer the equatorial plane. So, it is not surprising to 
see no clear evidence of plunes in the Voyager 2 data, which appears to 
support the Goertz model from the outer boundary of the extended plasma 
sheet all the way to the magnetopause. 

A completely different interpretation has recently been presented by 
Lazarus et al. (1983) for some of the plasma she^ *. associated density 
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tnhanc«n«nta • When they overlaid the Pioneer 11 Voyager 1 and 2 dipole 
L ahell plota of the denaity beti#een Lb 14 and Ls17i Lazarua et al. found a 
remarkably good match between them; the denaity maxima and minima were 
lined up quite well. They argued againat the detached pla«na model » aince 
the detached plaama "bloba" ahould be randomly diatributed in L, and 
propoaed ring abaorption aa the cauae of denaity depletiona. One problem 
with thia model ia that plaama cannot diffuae acroaa the ring zone without 
being depleted; hence if there ia outward tranaport, the denaity 
enhancementa outaide the plaama aheet ahould be abaent* 

Becauae of the large ion pick-up energiea at this radial distance, the 
neutral cloud is a source of hot plamna. Similarly protons from Saturn's 
ionosphere will acquire large field aligned flow energies ^ 100 eV at Lr15 
(see Hill et al., 197M). SiMh large field aligned flows for cold ions 
are not observed (Lazarus and Meilitt, 1983), and therefore the ionosphere 
is ^obably a source of warm plamoa at these large radial distances (i.e., 
field aligned flow energy thermalized) . The denaity enhancements are 
principally composed of cold plamna, and are thus not formed by ionization 
of Satwn's neutral cloud or locally deposited ionospheric plasma. The 
most likely aources of cold plaana are; (1) Titan's plumea, (2) ionization 
of neutral gas within the inner magnetosphere and (3) ionospheric plasma 
deposited in the inner magnetosphere. The lack of any significant ring 
signature in the Voyager 2 outbound data, where the extended plasma sheet 
is intact all the way to Ls25 may not be a problem for the Lazarus et al. 
model, aince the expansion of the plaama sheet out to L >^25 could prevent 
the ring material frcm producing significant concentrated attenuation of 
the plasma, but rather a modest distributed attenuation. Because of the 
inward and outward motions of the magnetosphere around local noon caused by 
changes in solar wind ram pressure, one might not expect the density 
enhancements to line up there. With the Goertz model, the plamna blobs 
once formed are expected to be lost down th't tail; so one does not expect 
to see them between midnight and dawn local tin». At present, we feel the 
observations favor the Eviatar et al. and Goertz models which are not 
necessarily inconsistent with each other, do not require the presence of a 
distributed source of cold plasma explain the observations, and are not 
inconsistent with the expected radial motions of the magnetosphere at these 
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radial diatanoaa (L ^14). In fact, the model by Eviatar at al. (1982) 
re<)ulrea auoh notion. 

btended Plaana Sheet 

The ex^nded plaMa sheet appears to be a nwe stable struoture 
with Inner boundary at L***? Inside of tdiioh a definite reduction in plana 
sheet thickness takes place. Densities rsnge between 0. 1/ca^ and 2.0/on^* 
idille temperatures rat^e between 100 eV and 20 eV. Aloi% the noon neridian 
the outer bound v*y of the extended plana sheet is at L «^15; in the 

i 

midnight-dawn quadrant it terminates at L «''1l f^r llbyager 1 at 0330 local 
tine, and extends bej^nd L«25 for Voyager 2 along the dawn meridian. The 
outer boundary of the ntended plasma sheet in the midnight-dawn quadrant 
is evidently strongly dependent on external solar wind conditions. It 
seens plausible that the extended plasma sheet underwent a considerable 
expansion at the time of the Voyager 2 eneoixiter, when Saturn probably was 
in Jupiter's tail, and that whole sections of the extended plasma sheet can 
become detached and lost down Saturn's m^netotail (Behannon et al., 1981} 

Bridge ^ . 1982), similar to the sUbstorm phenomena believed to be 

taking place at earth (Hones, 1979)* Frank et al. (1980) suggested that 
because of the high plasma B they observed outside Ls6, the plamna sheet 
would be xmstable to such phenomena. 

i 

Within the extended plasma sheet, outside L«10, the computed scale I 

height for cold 0'*’ ions ranges between 2 and 4 end the scale heights for 
the lighter ions are a factor of 4 larger, ranging frMi 8 to 16 R^. 

Evidently, the flux tubes are completely filled with ionized hydrogen for 

which the (rincipal containing force is the m^netio mirror force. Hence, 

it is not sir Rising to observe a thickness for the extei^ed plasma sheet | 

in excess of 4 R^. i 

The extetwled plasma sheet is a region within idiich the cold electrons 
dominate the density n|j/n^ *^15ft while almost all the electron {ressure is 
partitioned to the tot su^athermal electrons Fg/F^ •''801. We note that the 
inner bowdary of the extended plama sheet nearly coincides with the inner 
boundary of the neutral hydr^en cloud L«/‘8, while the large vertical extent 
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of thf oxtondod pUtna shatt H nay hava aona ralationahip to tha 
larga v«rtioal thioknasa (So R^) of tha nautral hydrogan oloud. tha outar 
boundiry of tha axtandad plaana ahaat at naar looal noon (tarnination 
of eold plaMa) ia probably oauaad by oantrifugal foroaa (Goartt, 1983). 

Wa auggaat that tha oold plaana oonaa fron tha inn«* plaana t«ru8, Mhioh ia 
haatad id thin tha axtandad plaana ahaat aa it ia tr«fiaportad outimrd by 
oantrift;«al foroaa. Dw plaana i within tha axtandad plaana ahaat ia 
pr^bly «r1*0 whara alnoat all tha ^aaawa ia oontributad by tha twit iona. 
Ovarallf tha i«i praaaira ^obably axoaada tha alaotron ^aaaura by mra 
than a factor of 5. 

Innar Plaana Torua 

Tha innar plaana toruOt with outar boundwy at U7» ia a ragion of 
raduoad aeala haight < 1 R^ and of tanparaturaa which nay fall balow 1 
aV at tinaa. Evidmoa haa baan j^aaantad for a looalizad raduotion in 
alactrMi tanparatira naur tha L ahalla of Tathys, biona and poaaibly ibiaa. 
ilnalyaia diffieultiaa do not allow ua to aay nueh about eonditiona naar 
Enealadua aiwl Ninaa. 

Tha alaotron danaitiaa within tha innar plama torua* naar tha 
aquatorial plana* ara oonaidarably graatar thM in tha axtandad pla^a 
ahaat and hot outar nHi^^toaphara . Near tha Voyagw* 1 ring plana croaaing 
(L^6.3) electron danaitiaa ara obaarvad to be 40 / <m^* while during tha 
Voyager 2 ring plana croaaing (L«^2. 68) they probably axcaad^ 100/m^. 
Baeauaa tha plaana ahaat ia oonaidarably thinner in tha innar plaana torua* 
ita plaana content nay be laaa than that in tha axtandad plaraa ahaat 
(Bridge H al.* 1982). Inaida L«/*6* tha plama beta ia aatinatad to be much 
laaa than one* while outaide Lr6 naar tha aquatorial plana* it nay approach 
1 (Frmk a t al.* 1980* Krimigia at ^.* 1963). 

Depletion of Hot Elaotrona 

^ aactiona 6 and 7* wa preaantad avidanoa for tha depletion of 
auprathamal alactrona within the innar nagnatoa^ara * which ma mat 
dramatic within tha inner plama torua, Tha firat report of thia depletion 
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of hot oltotroni mi givon by Sittlor tt il . <i;8D* At tiatii tht 
doplotlmii irt obiorvid to b« inhinoidt ovtr seilt Imgthi ^1 8^, noar tha 
L shall! of Tathyit Diona* and Rim. Vhanavar thaia daplatloni oMurt tha 
cold alaotrMs ara obsarvad to ba oool ar, strongly si^igastlng that tha 
alaotrons ara intaraoting with nautral aatarial. foalastio oollisiMts with 
nautral aatarial will aova supratharaals to lowar anargiasi and production 
of saoondMy ala< rons will fvrth«* populata tha oold alaotron anargy 
statas. 

Uv Satallitas, Diffusa C Ding Md Main Rings 

Within Saturn*! innar aagnatoa^ara thara ara a nuabar of 

oonoantrations of nautral aatarial whioh om ba aouroas of oold plaMa 

and/^ sinka of hot plasM. Satirn*! innar ioy satallitas (Htoss, 

Enoaladust Tathys* Eiona and Riaa) ara oold spots in t1.a innar 

aagnatosj^ara t and tha E ring and aain rif^ systaa ara aora diatributad 

oold nautral aatarial. tha satallitas wid rings also produoa olouds of 

nautral gas by a nu^ar of diffarant aaohanisas. Photo-sputtaring froa tha 

aain ring systM haa baan proposad (Gbrlaon. 1980) as tha pria«*y sowoa 

aaohanisa for tha dansa hydrogan cloud aroimd Saturn (Waisar at 

al.f 1977| Carlaon. 1980$ ihidga at al.. 1980; R*oadfoot at al., 1981). 

Baoausa of tM aaall aisa and low dansity of tha innar satallitaa thair 

aaoapa npaads ara typically lass than 0.5 ka/s. this translate' to asoapa 

anargiaa for watar aolaeulas that ara a fraction of m alaotron volt, or 

acpilvalantly to a tharaal anargy of 2tO*K. Sinoa aatallita tMiparaturas 

ara typically lass than 100*K (Hanoi at al.. 1981* 1982). subllaation is 

^obsbly Mt an inportant souroa. But gas Mlttad by sputtaring dua to 

photM and partiola ia^t upwt tha satallita aurfaoas nay ba abla to 

aseapa and produea coneantrations of nautral gas about tha ^bital 

positions of tiM satallitas (saa R'own at al.. 1982). tha Msarvad 

ooncantration of tha E ring partiolas naar tha orbital position of 

Encaladus. arguas that Encaladus is tht souroa of t)M E ring (Tarrila and 

Tokimaga. i960 and Baua at al.. 1980. 1981) and aachaniMS similar to that 

{M*odueing Saturn's E Muld ba injacting nautral gas diraetly into 

^turn's nagnatos^ara. As diseussad in Chang at al. (1982). tha lifatiaa 

a 

of tha E-riiai micron si sad partielas is <rl0 yaara/mioron. baeausa of 
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troalon proottMt produotd by partiol* aputtfring and photonsputtaring, 
thay Bi«t tharafora ba ecHitimMlly raplanlahad, lha aaUlUta Uona alfo 
diaplaya sqm aurfMa atruotirai indioatlng raairfMing and tN aaiaaim uf 
watar ioa or froat froM ita fraotira ayataa (Siiith at al.« 1981). Rurth at 
m. (1981) hava auggaatad that ralaaaa of volatilaa froa thia tVaotwa 
ayata« oould diraotly Injaot nautral gaa into t'.ia n^natoai^ara. 

Zh tha oaaa of tha E ringt Baun and Kraidl 0982) rapcn*tad ring 
-6 

opaoitiaa of v«io naar Ehoaladua and laaa than 10 at L an abrupt 
inoraaaa in rit^ brightnaaa ooeura inaida L ^5, Tha ring thiotoiaaa variaa 
fVoB 8000 kn naar Ehoaladua to graatf * than 35tOOO ka at L </'8. Though 
^aarvad riig opaoitiaa ara baliavad to hw^a m aoouraoy battar thm 109 in 
ragiona uhara tha E ring ia optioally brightaat* tha aMauraaMta aa 
raportad by 3aua and Kraidl ara not aanaitiva to duat partiolaa laaa thm 
0.2 iia (W. A. BauBf i^ivata ooaeunloation) . Tharafora* if thara ara aany 
aubaior<m aizad duat partiolaa praaant* obaarvad riig opaoitiaa* uhioh 
should ba thought of as lowar astiaatas* aay ba significantly larger. 

Qfiargy Depandanea of Daplations 

As diseussad in saotion 7* tha ganaral trend for tha obaarvad 
depletion of supratharaal alactrcms below 6 kaV ia that tha attanuati<wi is 
graataat at tha higher electron anargias (bit^-out). Uhenaver tha 
depletions «(tand below KK) aV* tha energy dap«.Rdanoa can baooM Mra 
difficult to diaoern because of inatruaant sensitivity liaitations. Vftian 
wa ooa^ina tha above inforaatim with the energy dependant signatures in 
tha electron fluxes observed by tha LECP instruamt as raportad by Rriaigis 
(1981* 1962* 1983)* it bacoaas r/idant that electrons are depleted 
at energies intarmediate between tha aaxlaun PLS energy electron fluxes are 
observed above signal thraalwld (E < 6 kaV) and tha lower LECP energy 
channels (E ^ !0 keV). For scale lengths •M fl^, the depletions aova to 
low«r anargias with dacraaaing radial distance. 

Interactions with Oust 

One can siww that this energy dependant signatiara is consistent 
with the electrons intaractlrg with micron sized duat particles. The 
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•ttonuatiw) of electrons will naxiaize at energies for %^ich their range 
through neutral aaterial is apixroxiaately equal to the diMieter of the dust 
particle. The breadth in energy of such a bite-out feature will depend 
upon the size distribution of the dust particles. This cones about because 
at lower electr<»i energies t at which the electron loses all its energy 
during a collision* the collision fret^iency is proportional to the electron 
speed* since the cross»section for the interactiwi is siaply the 
cross-sectional area of the dust particle. When the bounce notion of a 
trapped electron noves it above or below the equatorially confined ring 
particles* the bounce freq>;ency is proportional to electron speed (Schulz 
and LmMrotti* 1974). At higher energies* for which the electron ranges 
are large conparcd to dust particle diaensions* the electron loses only a 
anall fraction of its total energy. Therefore* evm though these acre 
energetic electrons have aore frequent collisions with the dust particles, 
their fractional energy loss po* mit tine is less. With these coaaents in 
Bind* refer the reader to Figta*e 2 in f&*iaigis and ib*BStrong (1982)* 
where the 22 to 35 l«V Vcy^er 2 electron fluxes display a broad miniaua 
between Ls3*5 and Ls5.5* tdiile the more energetic E > 1.5 Mev electrons 
show a steady rise through this r^i<m. Though not necessarily a unique 
signatta*e of ring material* the zone mapped out by this feature nearly 
coincides with the enhanced portion of the E ring. 

In addition to this* the Voyager 2 data displays a strong depletion of 
suprathermal electrons above 140 eV Inside Ls5 inbound arxl outbound. As 
noted in Sittler ^ al» (198D* a strong bite-out of the hot electrons 
occurs near the minimum L shell (Ls4.4) approached by the Voyager 1 
spacecraft. Therfore* it seems reasonable to suggest that the attenuations 
inside Ls5 are {x^obably caused by the enhanced E ring inside Ls5. 

Electron Precipitation by Waves 

(Arnett et al. (1981) and Scarf et al. (1982) reported the 
observation of whistler mode emission (chorus and hiss) ami electrostatic 
half-harmonic emissions within Saturn’s m^netosphere. Whistler mode 
turbulence at Saturn is expected to be enhanced near the equatorial plane 
where the densities are higher and magnetic field a mlnimvon* since the 
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critical resonance energy /(8*n ) will be analler so that more 

vn e 

electrons can resonate with the waves there. Whether they will be more 
iaportant within the inner plaana torus is dependent upon the radial 
variation of Between ly'IO and 15 we estimate to be >^500 eV near 

the equatorial plane. At the Voyager 1 ring plane crossing at Lr6. 3 it is 
probably greater than 600 eV» idiile during the Voyager 2 ring plane 
crossir^ at L<r3 it probably exceeded 10 keV. So» if idiistler mode waves 
are contributing to the depletion of hot electrons below 6 keV, and 
pressure anisotropies for the hot electrons are not too large (T^/T^>^2) 
they are expected to be most important outside of L^5. 

In the case of electrostatic half->harmonic waves, it is not obvious 

where most of the pitch angle scattering will occur and v^ether it will be 

most important in the inner plasma torus where the suprathermal electrons 

are most strongly depleted. Depending upon the plasma conditions, these 

waves will be uistable for either large or small ratios of nQ/>^^ (Hubbard 

and Birmingham, 1978). Narrow band electrostatic waves, vdtich beccmte more 

unstable near the upper-hybrid resonance frequency for np/nj^ » 1 

(Birmingham ^ al.» 1981), are expected to be more unstable near the 

equatorial plane. Ashour-Abdalla and Kennel (1978)* found instability for 

n</^H ^ ^UHR much larger than the electron gyro-frequency 

f . Here pitch angle scattering will bt 'c effective at higher 
g 

latitiKles, vAiere cold plasma will contribute less to the electron density 

and f > f (the cold electron plaana frequency), 
g pc 

If waves are producing the observed depletion of electrons we call 

bite-outs, then the interaction must be such that they precipitate 

electrons more effectively at intermediate energy, say 1 keV to 60 keV, 

than at lower or higher energies. In the case of whistler mode emissions, 

this Implies that the wave turbulence is confined to a band of frequencies. 

Electrostatic waves which are confined to narrow frequency bands interact 

with electrons over an intermediate range of electron energies (Lyons, 

1974); the waves interact strongly with hot electrons with energies just 

above 0.5T^, such that at higher electron energies the pitch-angle 

diffusion coefficient decreases with increasing electron energy with a 
3/2 

1/E*^ dependence. In addition to the above observational constraint, the 
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observed depletion of hot electrons is associated with a corresponding 
cooling of the cold electrons; or alternatively the depletion of hot 
electrons is associated with the presence of a colder and possibly denser 
population of cold electrons. Thereforet if waves are producing the 
depletion of hot electrons t they should behave in swsh a my that the cold 
electrons are cooled as the hot electrons becone depleted, or are more 
effective in regions vAiere the cold plaana is colder and possibly more 
abundant . 

The wave anplitudes must also be sufficiently high to cause the strong 
energy dependent depletion of suprathermal electrons. Recent calculations 
by Scarf et al. (1983)* using plasma wave data obtained during the Voyager 
1 ring plane crossing, find the observed whistler mode emissions to be only 
adequate enough to support weak pitch angle scattering. Kurth et al. 

(1983) report amplitudes for electrostatic waves during the ring plane 
crossing which are also too weak to produce any significant precipitation 
of hot electrons. Since these waves are predominantly confined near the 
equatorial plane and since the Voyager spacecraft are generally at high 
magnetic latitudes, significant wave anplitudes could be present near the 
equatorial plane elsev^ere within Saturn's magnetosphere and not be 
observed (Kurth et al., 1983)> Though not overwhelmingly supportive, the 
cirrent analysis does not necessarily rule out wave-particle interactions 
as a factor in shaping the observed electron distribution function. 

Alternate Possibilities 

From the preceding discussion on interactions with dust, one can 

describe the energy dependence of the electron interaction with dust in 

terras of an effective collision frequency. This collision frequency will 

increase with increasing electron energy at low energies, maximize at some 

intermediate energy (6 keV for 10 micron sized dust particles), and then be 

a decreasing function of electron energy at higher energies. In many 

respects the electron impact ionization collision frequencies of neutral 

gas and plaana ions (i.e., O'*' + e = O'*”*’ + 2e) have a similar energy 

dependence, except that they peak around 100 eV, above which they decrease 

1 /2 

monotonically with a 1/E dependence. Below 100 eV, electrons at higher 
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energies wiU be i^re effectively depleted (steepening of speotrun)» ^ile 
above 100 eV the electrons will be more effectively removed at lower 
energies (hardening of spectrum). Therefor*, inelastic collisions with 
neutral gas or plasma ions cannot account for the bite^out signatures 
observed above a few hundred eV which we associate with dust or plasma 
waves. Qtey may contribute to some of the observed depletions tdiioh extend 
below 100 eV or the cooling of the cold electrons. Also, ionizing 
collisions with plasma ions (O**^) will always be taking place, and the 
observed large scale cooling of electrons will be caused in part by them, 
^t, such effects cannot account for the large number of observed 
depletions of hot electrons above a few hui dred eV, for which the 
depletions are greater at higher energies. 

If there were a direct interaction with a satellite (l.e., no 
substantial atmosphere or internal magnetic field), pla^a dropouts similar 
to those seen in Jupiter's magnetosphere by Voyager 2 and associated with 
(lanynede (EUrlaga st al., 1980) would be produced, but are not seen here. 
Often the bite-out signatures are associated with enhancements in density 
and corresponding reductions in temperature of the cold electrons, 
consistent with interactions with diffuse cloixls of gas, plasma ions, or 
ring material. We therefore rule out this possibility. An interaction 
similar to that seen at Titan (^idge et al., 1981) where the satellite has 
a relatively dense atmosphere (or exosphere) can also be ruled out with 
regard to the bite-out signatures above a few hundred eV. In the case of 
Titan > 700 eV magnetospheric electrons have gyro-radii comparable to or 
larger than an atmospheric scale height; therefore these electrons with 
gyrocenters confined outside the ionopause will gyrate deeper into Titan's 
atmosphere and be preferentially depleted relative to the lower energy 
electrons (&*idge^£l., 198I). Estimated atmospheric scale heights are 
</<200 km for Dlone (assuned H^O atmosphere with temperature equal to 100°K) 
while gyro-radii for a 1 keV electron is >^1 km. Since electrons of 
different energy and thus different gyro-radii will pass through regions of 
only moderately different atmospheric density (assume presence of ionopause 
outside of which draping field lines are confined), an interaction of this 
sort will not produce the bite-out signatures. 
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Because the fVequency for Coulomb collisions is a strongly decreasing 

3/2 

fwiction of electron energy (1/E )t this mechanism has the wrong energy 
dependence t to explain the depletions of suprathermal electrons , since the 
depletions below 6 keV tend to be larger at higher electron energies. 

Given sufficient timet howev«*» Coulomb collisions will tend to populate 
those energies centered on the breakpoint energy Eg separating the cold and 
hot components. Qualitatively« this fillir^ in of the spectrian is 
suggested by the data. 

Conclusion about Proposed HechaniSRS 

In the preceding discussions we have suggested a number of possible 
causes for the observed depletion of the su{x^athermal electrons within 
Saturn's inner magnetosphere. We have emi^asized the importance of using 
the observed energy dependence of the attenuations as a means of 
discriminating between the different possibilities, the results of this 
study are summarized in Table 1. A number of possible explanations have 
been eliminated such as Coulcxnb collisions or interactions with neutral gas 
for the bite«out signatures above a few hundred eV. It appears that dust 
and plasma waves provide the greatest potential for explaining the bite-out 
signatures for electrons of intermediate energy. But in general most 
alternatives cannot be eliminated at the present level of investigation. 
Reported wave amplitudes can only support weak pitch angle scattering of 
the electrons; but reported E ring opacities, which should be thought of as 
lower limits, are also not very large. Calculations (not shown here) also 
indicate that the plasma sheet ions may be competitive with dust particles, 
with regard to the amplitude of the depletions. Though unknown, satellite 
atmospheres and neutral gas clouds may also contribute. In order to make 
further progress, an extensive combined analysis of all particle (PLS, 

LECP, and CRS) and plamna wave (PWS) data sets is required, along with 
consideration of the constraints imposed by radial diffusion and measured 
ring opacities. 

Scale Height Effects 

In this section we discuss in detail some of the observed 
variations in electron density which can be attributed to changes in scale 
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height of the plaaoa. In many inatances the total content of plaama within 
a imit flux tube can be constant in time even though large changes in 
electron density are observed. 

Voyager 1: Density, Temperature /(nti-correlated 


Many of the variations in the electron density within the 

extended plasma sheet can be explained by variations in the density scale 

height without recourse to changing the content of plasma within a unit 

flux tube. In other words, the measurements do not necessarily reflect 

radial or azimuthal variations in plasma content within a flux tube, as 

must be occurring in the more time dependent region outside Ls15 local 

noon, vrtiere order of magnitude changes in the density are taking place. 

The density variations observed by Voyager 1 between Lr15 and LslO inbound 

and displayed in an expanded time scale in Figure 15 are of particular 

interest, and show an anti-correlation between n and T . 

e e 


The total flux tube content for the ith ion, 
^idge et al., 1981) 


N 
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B 
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r 

n^(L,Z)dt 

J B(L,Z) 


is proportional to (see 


(5) 


where the Integral is evaluated along B over the volume occupied by the 
plasma. If one approximates the density dependence with Eq. 2 and uses a 
dipole field for 6(L,Z), Eq. 5 reduces to 


Nj = n^(L,0) yr (6) 

If we assume to be a constant, one can solve for n^(L,Z), vdiich we 
then substitute into Eq. 2, yielding the following expression for the 
density 

N -(Z/H 

n (L,Z) s e ^ (7) 

For |Z|/H^<<1, which is the situation for Voyager 1 inbound, Eq, 7 


reduces to 
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n^(L.Z) - 




( 8 ) 


tiAiert wt see that the density and temperature variations will be 
anti-correlated (H. « /T) frovided N. is a constant. Note, that Eq. 7 
displays the L dependence derived in Bridge et al. (1981), which was the 

5 

original motivation for plotting n.L*'. ihe H. dependence in Eq. 7 can 
3 ex 

modify this L dependence, if is a function of L. The Voyager data 

shows that H. «L® , tdiere m > Oj therefore if m were equal to 1 and if 
11^ 4 

IZI/H^ « 1, the density would display 1/L dependence. Furthermore, if 

the plamna sheet is very thick, as it is for the light ions the density 

4 4 

n will be proportional to 1/L ; this might accoimt for the 1/L dependence 
indicated by the Voyager 2 data, where the composition is predMninantly H'*’, 
Lazarus and Hc)4itt (1983)* 


The Voyager 1 data show that |Z|/H. , betvwen Ls 15 and LslO inbound, 

2 ^ 

satisfies the condition (Z/H^) «1, so that Eq. 8 represents a good 
approximation for the density dependence upon Focusing our attention 
<»] the boundaries (see Figure 15), at which abrupt density changes occur, 
we note that the product n^H^ has a reduced variability across these 
boundaries (assume composition dominated by heavy ions). Therefore, many 
of the changes in n can be caused by a change in scale height while the 
total flux tube content remains nearly a constant throughout this 
region. 


Voyager 2: Density, Temperature (Correlated 

The density and temperature are highly variable within the 
plasma sheet from Ls12 to Ls5 inbound, and this variability can mostly be 
attributed to scale height variations. The variation of n and T , 
contrary to that seen by Voyager 1, are positively correlated as shown in 
Figure 16 with the density enhancements associated with the appearance of 
cold heavy ions. By increasing their temperature, the scale height for the 
heavy ions increases, so that they move up to the spacecraft, which is far 
off the equatorial plane, |Z|/Hi > 1. Equation 7 ia thus dominated by the 
exponential term; under these circumstances, one expects a positive 
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eorralation b*tw«#n th« density and tenparatura. Hodal oaloulatlons stow 
that tha obsarvad variations are consistent with this interpretation, vdiara 
the total flux tuba content is app*oxiffiataly a constant within tha extended 
plamia sheet, independent of radial distance and azimuthal angle. 

Since many of the density variations observed within the extended 
plama sheet could be attributed to changes in scale height and not total 
flux tube content, the sanw situation probably occurs within the inner 
plasma torus. As noted above and in the main text, the satellites Tethys, 
Dione, and possibly Rhea are associated with regions of locally cold 
plasma. This reduction in temperature creates a region of reduced scale 
height centered on the satellite L shells. Therefore, assuming constant 
flux tube content (assme satellite not a source of cold plama. Just a 
cooler of the plaana), the density will maximize at the satellite L shells 
as one moves in L near the equatorial plane (i.e., the observed profile in 
Frank et al., 198O). It may be that the reductions in electron temperature 
are produced by the addition of cold plains, as seems to be the case for 
Tethys, which would suggest the satellites are an important source of cold 
plaMia. Therefore, until detailed scale height model calculations making 
use of the combined results of the ion and electron analysis are completed, 
one should reserve Judgment as to whether or not the satellites Tethys and 
Dione are significant sources of cold plasma. 

Plamna Wave Observations 

Comparing observed fluxes of suprathermal electrons and vhistler 
mode emissions reported by Gurnett et al. 0981) we reported evidence for 
an association between the detection of vdiistler mode waves and the 
observed presence of suprathermal electrons. As the suprathermals became 
hotter and more abundant, the whistler mode emission became broader in 
frequency and greater in amplitude. When this comparison was done with the 
Voyager 2 wave data reported by Scarf et al. (1982), the reported vAiistler 
mode emissions were evidently in resonance with more energetic electrons; 
electron fluxes above 140 eV were below signal threshold and resonance 
energies were considerably higher than that estimated for the Vbyager 1 
data. 
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Ring Current 

In section 9, we investigated the inpliostions of the plsama data 
for the ring current model calculations. We compared the electron 
observations with nearly time coincident ion spectra that have been 
analyzed t end noted the association suggested by the data betwen the cold 
(hot) ions and cold (tot) electrons. We suggested that the ion pressure 
probably exceeds, in general, the electron pressure by more than a factor 
of 5. Frcm this information, we estimated current densities comparable to 
those estimated in the model calculations by Connerney et al. (1981). 
Similar calculations using tne ion data are made in Lazarus and Hctott 
(1983)* As a result of comparisons between model calculations of Connerney 
et al. and Voyager 1 mcgnetic field data Inside L</*8 inbound, and 
considering that between Ls6 and Ls8 the plasma beta are ^ 1 (Frank et al., 
1980; Krimigis et al., 1983)t and the Alfven Mach ntxnber is 5; 1 (Lazarus 
and Me Mitt, 1983)* ^ suggest that better agreement with the magnetometer 
data could be obtained by a ring current between L=6 and L=8, such that 
during the Voyager 1 inbound pass the ring current was thinner than that 
outside Ls8. Differences between predictions of model calculations, based 
on the Voyager 1 data set, with the Voyager 2 outbound magnetic field 
measurements (Ness et al., 1982)* appear to be due to the larger radial 
extent of the extended plasma sheet observed during the Voyager 2 outbound 
pass. 
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TABLE 1. Depletion Mechanlsma Summarized 


Mechanism 

Energy Dependence 

L Dependence 

yk^elihaod 

Dust 

Intermediate Peaks 

3.5 - 5.0 

Yes 


near 6 keV 





5.0 - 8.0 

Questionable 

Whistler Mode 

Intermediate if 

o 

• 

in 

Yes 


turbulence confined 




to band of frequencies 

< 5 

No 

Electrostatic 

Intermediate such that 




E > 0.5 Tj^ with 1/E^^^ 




dependence at high 

? 

Yes 


energies 



Neutral Gas 

Intermediate Peaks 



Clouds and 

near 100 eV with 

L > 6 ± 1 

No 

Plasma Ions 

1/2 

1/E dependence 




at higher energies 

L < 6 ± 1 

Maybe 

Satellite 




Sweeping 




No atmosphere 




and magnetic 




field 

All energiest 

L < 9 

No 

With atmosphere 

Intermediate Peaks 



and no magnetic 

near 100 eV with 

L > 6 r 1 

No 

field 

1/2 

1/E dependence 




at higher energies^ 

L < 6 i 1 

Maybe 

Coulomb 

1/E"^ dependence 

All L 

No 

Collisions 





very high energies E > 10 MeV (for Dione) gyro-radii effects may modify 
energy dependence. 
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Figure la 


Figure 1b 


Figure 2 


FIGURE CAPTIONS 


Trajectories of the Pioneer 11, Voyager 1 and Voyager 2 
spacecraft projected onto Saturn's equatorial plane. The 
coordinate system is Saturn centered with the X axis 
pointing along the Saturn-Sun line, and the Y axis 
completes the right-handed coordinate system where the Z 
axis is aligned along Saturn's spin axis. Average modeled 
bow shock and ma^netospause boundaries from Bridge et al. 
(1982) have been superimposed upon the figure. Observed 
bow shock (S) and magnetopause crossing positions from 
Wolfe et al. (1980) for Pioneer 11 and Bridge et al. 

(1981, 1982) for Voyager 1 and 2, respectively, have been 
projected onto the equatorial plane. All distances are in 
units of Saturn radius - 60,330 km. 

Meridional view of the Pioneer 11, Voyager 1 and Voyager 2 
trajectories in the same Saturn-centered coordinate system 
defineo for Figure 1. The abscissa is the equatorial 
radial distance R and the ordinate is the Z axis which is 
aligned along Saturn's spin axis. Dipole field lines have 
been added for reference purposes. 

Colored illustration of Saturn's magnetosphere as defined 
by the plasma electrons. On the left, we have a composite 
view of the Voyager 1 and 2 inbound observations near the 
noon meridian. The right-hand view is more characteristic 
of the outbound observations within the dawn-midnight 
quadrant. Cold regions are colored blue, regions of 
intermediate temperature are purple (blue plus red), and 
the hot regions are red. The cold thermal electrons are 
predominantly confined within the bluer region near the 
equatorial plane, whose vertical extent is equal to the 
locally estimated scale height of the cold heavy ions (see 
text). The hotter suprathermal electrons are defined by 
the redder regions at higher latitudes and larger radial 
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distances which are confined outside the outer radial 
boundary of the extended plasma sheet. Note that cold 
electrons will also reside at higher latitudes because of 
light ions (but at a reduced number density relative to 
that within the bluer regions) and the hot electrons will 
also reside within the bluer regions at lower latitudes. 
This technique of separating cold and hot regions has only 
been done for illustration purposes. This figure is 
neither a density nor temperature distribution map. The 
gradations in temperature indicated by color change 
pertain to each individual region-<-cold electron component 
(blue region) and hot electron component (red region). 

The three major plasma regions: hot outer magnetosphere, 

extetided plasma sheet, and inner plasma torus are denoted. 
For reference purposes, the satellite positions (M, E, T, 
D, and R for Himas, &iceladus, Tethys, Dione and Rhea, 
respectively), E ring (gray shaded rectangular region), 
neutral hydrogen cloud (circular region with white dots), 
and magnetopause boundary are displayed. The gray backing 
for the neutral hydrogen cloud has been added to allow 
visibility of the white dots. The E ring opacity is 
illustrated by a gray shading scheme, such that regions of 
greater opacity are darker. The field line topology is 
drawn to conform to that given in Connerney et al. (1981) 
which includes the effects of Saturn’s ring current. 

Titan plunes and detached plasma ''blobs” as described in 
Eviatar et al . (1982) and Coertz (1983), respectively, are 
displayed in the noon meridian view. Cn the right, we 
have suggested the possibility of some stretching of the 
field lines near the equatorial plane. Finally, the white 
regions within the magnetosphere signify regions for which 
we have no information. 
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Figure 2 (Black and IJhite Caption) 

This figure is a black and white version of the colored 
figure. See colored figure with caption for description. 

Figure 3 Voyager 1 moment electron density (n ), moment electron 

temperature (T^), cold ion scale height ion 

left-hand scale (Hq^>; ion right-hand scale (H^"*")), and 
ratio of spacecraft distance from equatorial plane | Z| 
over ion scale height (O'*' ions left-hand scale; ions 
right-hand scale) plotted versus dipole L shell. In the 
top panel Saturn-Sun and Ring-Sun UV occultation regions 
are denoted; in these regions the spacecraft may have a 
negative potential and If so, the density and temperature 
will be underestimated and overestimated, respectively. 
Magnetopause (HP), Titan flyby, and sample spectra 
positions are indicated. In the panel next from the top, 
the inner satellite positions computed according to the 
Connerney et al. (1981, 1982) magnetic field model 
calculations are denoted. In the lower panel, the regions 
where the heavy, light cold ions arc expected to dominate 
the cold ion composition are indicated. 

Figure 4 Same as Figure 3, except Voyager 2 parameter estimates are 

plotted versus dipole L. The data analysis is uncertain 
within intervals A and B and should be interpreted with 
caution; see text for details. 


Figure 5 Figure shows gradual disappearance of cold electron 

component as the Voyager 2 spacecraft approaches Saturn 

inside Dione's L shell. Each panel is a plot of the 

reduced electron distribution function F (as defined in 

e 

Sittler, 1983) versus electron speed. Cne telemetry cound 
and instrument noise levels are indicated. The breakpoint 
energy Eg is denoted. 
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Figure 6 


Figure 7 


Figure 8 


Figure 9 


Time plot of Voyager 2 electron density and temperature 
estimates near the outer boundary of the extended plasma 
sheet in the noon sector. The total electron density (n^) 
and temperature (T ) and cold electron density (n ) and 

V W 

temperature (T ) are displayed. The figure clearly 
0 

demonstrates the order of magnitude change in density and 

temperature in the hot outer magnetosphere and the 

anti-correlation between n^ and T^. 

e e 

Voyager 1 electron speed distributions f^ measured at the 

outer boundary of the extended plasma sheet near the noon 

meridian (position 1 in Figure 3). Spectra measured only 

192 seconds apart, show the rapid variability in density 

of cold plasma. One telemetry count and instrument noise 

levels are indicated. For reference, the electron energy 

in eV is indicated at the top of panel. Along the 

abscissa is the electron speed v . outside the 

d 

photoelectron sheath surrounding the spacecraft. Dashed 

lines indicate Maxwellian fit to cold component. The hot 

density n„ and hot temperature T„ were computed by setting 
H H 

n., a n -n and T„ = (n T -n T )/ni,. This method is 
H ec H eeccH 

different from that used to produce profiles in Figure 11 
(see Sittler, 1983). 

Voyager 2 electron speed distributions measured within the 
hot outer magnetosphere near local noon (position 2 in 
Figure 4). Here spectra are only 96 seconds apart. Sane 
format used in Figure 7 is used here. 

Voyager 1 electron speed distribution measured within the 
extended plasma sheet near noon local time (positions 
numbered 3 and in Figure 3). Same format used in Figure 
7 used here. Note that all signal for the spectrum 
measured at 183^t06 is below instrument threshold (one TMC 
level) for speeds above 20,000 km/s. 
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Figure 10 Same aa Figure 9, except Voyager 2 electron speed 

distributions are plotted. They are located at positions 
mnnbered 5 and 6 in Figure 4. 

Figure 11 Five minute averages of the fractional density n,,/n. and 

* “ “ n 6 

fractional pressure Pu/P.. partitioned to the suprathermal 

n c 

electrons are plotted versus dipole L for Voyager 1 (top 2 
panels) and Voyager 2 (bottom 2 panels). See Sittler 
(1983) for definitions. The data analysis is uncertain 
within intervals A and E for Voyager 2 and should be 
interpreted with caution; see text for details. 

Figure 12 Time plot of Voyager 1 3.2 minute averages of electron 

flux density integrated over the energy band from 280 eV 
to 5950 eV. This figure displays the observed time 
variation of suprathermal electron fluxes. Periods 
beginning and ending with X symbols are Intervals within 
which signal is less than 6 times instrument noise* very 
near instrument signal threshold. The gaps without X 
symbols bracketing them are data gaps. Therefore* the 
period from*/>19:30 to*/’ 21:30 only contains signal near 
instrument noise and signal threshold for energies between 
280 eV and 5950 eV. The satellite L shell crossing times 
based on the Connerney et (1981* 1982) predictions are 
indicated. Intervals A and E indicate periods when LECP 
stepping was at a 6 second rate. Flux levels are probably 
higher within the E interval, during which time the data 
displays the presence of interference in the higher energy 
channels. 


Figure 13 The electron pressure and electron beta b ^ plotted 

versus dipole L for Voyager 1 (top 2 panels) and Voyager 2 
(bottom 2 panels). Magnetic field strength supplied 
courtesy M. F. Hess principal investigator of the Voyager 
magnetometer team. 
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Figure 1M Electron speed distribution measured during the Voyager 1 

outbound ring plane crossing period (position 7 in Figure 
3)* Measured nearly time coincident with the ion spectrum 
in Figure 17 in Lazarus and McNutt (1983). Same format 
used in Figure 7 used here. 

Figure 15 Time plot of Voyager 1 electron density and temperature 

within the extended plasma sheet near local noon. Same 
format used in Figure 6 is used here. Figure shows a 
definite anti>«orrelation between n^ and which could 
be caused by changes in pla»na sheet thickness and not 
total flux tube content. 


Figure 16 Time plot of Voyager 2 electron density and temperature 

near the boundary separating the extended plasma sheet and 
inner plasma torus (inbound data). Same format used in 
Figure 6 is used here. Figure shows positive correlation 
between n^ and T^, which can be shown to be caused by 
changes in plasma sheet thickness (total flux tube content 
is constant) . 
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